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METHODS IN CULTURING ALGAE AND THE ADDITION OF ALGAE TO ENHANCE 
THE PERFORMANCE OF GRAVEL ROUGHING FILTRATION PRETREATMENT 
by 
Kyle D. Hay 
University of New Hampshire, December, 2016 
 Gravel roughing filtration (GRF) is often used to pretreat marginal source waters prior to 
the main filtration process. GRF is a proven way to consistently improve water quality and 
reduce the effects of low water quality spikes such as during a precipitation event. This research 
is aimed at improving GRF performance through the application of various forms of algae. 
Research was broken down into four components: culturing and transferring algae, growing 
filamentous algae on the filter bed of a downflow GRF, applying an algae coating to the surface 
of gravel media, and testing a field-scale horizontal roughing filter (HRF) to evaluate filter 
performance and operational characteristics.  
Culturing algae in a laboratory setting proved to be very difficult and inconsistent during 
the course of study. Filamentous algae cultures grew most effectively, while relatively slowly, in 
quiescent water while suspended algae grew rapidly in highly turbulent and aerated water. 
Culturing filamentous algae in situ on a GRF was also problematic on all but one attempt 
resulting in limited filter challenge data. However, an experiment using an oscillating platform 
shaker showed large removals of suspended E. coli supporting the theory that filamentous algae 
can entrap particulate matter. Gravel media coated with algae performed better than clean media 
when removing turbidity from water, but did not significantly impact NOM levels. Enhancing 
trends were seen with Scenedesmus sp. coated media and should be further investigated. The 
HRF were allowed to ripen for two months prior to a turbidity spike challenge. The filters 
removed approximately 93% of the turbidity from the water, supporting the notion that a well 
ripened roughing filter can significantly reduce the effects of water quality spikes on a primary 
treatment filter.  More research is needed to test of the feasibility and practicality of using algae 




On a basic level, a filter is a device that removes contaminants from a fluid, be it in the 
form of a liquid or a gas.  As the impurities buildup in the filter, the filter will reach capacity.  
This is especially common in drinking water treatment processes where filtration is essential to 
remove particulate contaminant matter from water.  All drinking water treatment filters will 
eventually fail, whether it is a form of granular filtration such as rapid sand filtration or slow 
sand filtration, membrane filtration, or a diatomaceous earth filter.  The rate that a filter clogs at 
is directly proportional to the amount of contaminants in the fluid.  To lengthen the run time of a 
filter, a higher quality influent is needed, and for this reason, pretreatment such as gravel 
roughing filtration, is often used (Hendricks et al., 1991).  For the purpose of this paper, gravel 
roughing filtration (GRF) for drinking water treatment will be discussed as the pretreatment filter 
for a slow sand filter (SSF) system due to the similar characteristics that often pair these types of 
filters together. 
1.1 Gravel Roughing Filtration 
Slow sand filtration is a method of water purification commonly used in rural 
communities and developing countries around the world.  SSF operate under a low loading rate 
of 0.1 to 0.4 m3/m2/hr which allows for the development of a biological layer at the surface of the 
filter bed (Hendricks et al., 1991).  This biolayer is known as a Schmutzdecke.  It is through this 
layer and the first few inches of biologically active sand where most of the contaminant removal 
takes place.  SSF is useful for small communities serving less than 10,000 customers (Safe 




This filtration method requires a high quality source water with low turbidity and 
particulate matter to prevent premature fouling of the filter.  Table 1.1 lists the suggested influent 
water quality parameters for a SSF.  Due to recommended influent turbidity levels of <5 NTU, 
the locations and water sources where SSF is a feasible treatment option is limited.  When SSF is 
the desired filtration process but the quality of the source water is marginal, a pretreatment 
process is often used.  Gravel roughing filtration is commonly selected as the pretreatment 
method of choice because it has similar advantages as SSF that are useful for small communities.  
Gravel roughing filters use larger gravel media and operate at 5-10 times the flow rates as SSF 
allowing for a smaller footprint.  Design characteristics are detailed in Table 1.2 for different 
filter configurations.  Due to the large media and high flow rates, sedimentation is the primary 
removal mechanism of particulate matter (Wegelin, 1996) resulting in effective removal of large, 
heavy particles, but less effective at removal of small and light particles.  GRF can not only 
improve the general water quality entering a SSF, but can also reduce spikes in contaminants 
associated with heavy precipitation and flooding events. 
Table 1.1 Recommended Water Quality Parameters for Slow Sand Filtration 
(AWWA/ASCE, 1998) 
Parameter Recommended Limit 
Turbidity 5 to 10 NTU 
Algae, Chlorophyll-a <5 mg/m3 
Dissolved Organic Carbon 2.5 mg/L 
Dissolved Oxygen >6 mg/L 
Phosphorous (PO4) 30 μg/L 
Ammonia 3 mg/L 
 
Table 1.2 Typical Gravel Roughing Filter Design Characteristics (Wegelin, 1988) 
Filter Configuration Gravel Size Loading Rates Approximate Size 
Vertical-Downflow 4 – 20 mm 0.3 – 1 m/hr 1 – 1.5 m deep 
Vertical-Upflow 4 – 20 mm 0.3 – 1 m/hr 1 – 1.5 m deep 




Algae is a generic term for aquatic photosynthetic plants that contain a cell wall.  These 
organisms can range from micrometers to meters in scale and can be sessile or motile.  Algae is 
largely regarded as a nuisance in the water treatment industry due to the clogging and fouling 
potential of algae in modern treatment technologies.  High levels of algae in a source water can 
quickly clog both membrane and granular media filters resulting in unacceptably short filter run 
times.  Besides the concentration of algae, the type of algae also has a great influence on the 
filter clogging potential as well as other problematic concerns.   
Algae may also release organic compounds that have an array of affects.  Some organic 
compounds may pass through the treatment process and result in taste and odor sensory effects in 
the finished water.  These organic compounds may have a large array of sensory impacts ranging 
from grassy to fishy; some compounds even result in texture issues where finished water may 
feel slimy or oily in the mouth.  Green algae has the least impact on water taste and odor 
compounds (Palmer, 1959) and was focused on as the primary type of algae for this research. 
Additional problems with some algae include the emission of toxins, commonly known 
as cyanotoxins because they are excreted by cyanobacteria.  Cyanobacteria, also referred to as 
blue-green algae, are not actually algae but a type of photosynthetic bacteria.  These organisms 
are often grouped together with algae because of the similar metabolic characteristics of the 
organisms.  Cyanobacteria may often bloom in a lake given adequate sunlight and nutrients, in a 
manner similar to green algae, resulting in toxin levels beyond what a treatment plant can 
remove. 
Due to these impacts, little research has been conducted on using algae as a beneficial 
organism in the drinking water treatment process.  From the research that has been conducted, 
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there is evidence to show that filamentous green algae can improve the performance of SSF 
(McNair et al., 1987; Nakamoto, 2014) and that gravel coated with the suspended algae 
Scenedesmus sp. can improve the GRF removal efficiency of clay turbidity (Collins, 1994).  
Because of these studies, both suspended, small free floating algae, and filamentous, long 
attached filaments, types of algae were investigated further.   
Algae, along with all plant-like organisms to a greater or lesser extent, are coated by an 
organic layer of slime, known as mucilage.  This layer is often used as a defense mechanism 
against larger grazing organisms.  Composed of the organic compound pectin, mucilage has the 
potential to capture small particles, such as clay and bacteria, if used in the drinking water 
treatment process.  
Because the primary removal mechanism of GRF is sedimentation, small, light particles 
are not commonly removed.  Adding algae to a GRF to improve the performance of small 
particle removal has the potential to make GRF a more appealing option for small SSF 
communities looking to lengthen their primary filter run time.  Depending on the type of algae 
and method of application, these organisms have the ability to improve effluent water quality, 
cold condition treatment efficiency, and the filter cleaning process. 
1.3 Research Goals  
The research conducted in this study was split into four phases: develop a manner to 
consistently grow algae, test filamentous algae amendments on a pilot-scale GRF, perform bench 
experiments to study the effects of algae-based media coatings, and test the performance and 
operation of a field-scale horizontal roughing filter.  The main goal of this research was to 
determine if algae-enhanced filtration resulted in higher removal efficiencies of turbidity, E. coli, 
or natural organic matter (NOM) when compared to filters without algae. 
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A consistent supply of algae was needed for filter amendments in other phases of 
research, thus phase one focused on growing and enumerating algae to maintain the necessary 
supply.  The goal of developing an easy procedure to grow different types of algae was necessary 
so that small communities could use this process to develop their own cultures to be used in their 
treatment system.  All algae react differently to different environmental conditions such as 
temperature, light intensity, nutrient availability, and water turbulence, so an attempt to find a 
middle ground to grow a large variety of algae was important. 
Seeding filamentous algae onto a GRF would add not only a sticky, mucilage-laden 
surface, but also provide a large surface area and habitat for other microbes to reside in.  
Nutrients were added to the water and artificial grow lights were used to propagate the seeded 
filamentous algae across the surface of the filter.  The filters, seeded with different algae, to test 
for growing performance.  A challenge was conducted on the filter to establish the performance 
of the enhancing algae layer compared to a control filter without algae. 
Algae-based media coatings were tested to determine how ripened media performed 
against a clean-gravel control.  This was to test the theory that the sticky, pectin layer on the 
algae could be applied to gravel media, enhancing filtration performance.  Algae tested included 
suspended and shredded filamentous algae, designed to extract internal cell matter, and both 
conventional and unconventional coagulants were used to enhance the algae coating on the 
media. 
Finally, a field-scale horizontal roughing filter was designed and constructed to test the 
performance of algae on a larger filter operated under similar conditions to what would be 
encountered at a small treatment facility.  The filter was allowed to ripen prior to any challenge 
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to simulate the conditions encountered in the field.  The filter was tested under spike conditions 





2. LITERATURE REVIEW 
Due to the current view of algae being a nuisance contaminant in drinking water 
treatment, research into the benefits of algae in the treatment process is limited.  For the purpose 
of this review of past research, gravel roughing filtration and algae characteristics are largely 
discussed separately. 
2.1 Roughing Filtration 
Slow sand filtration (SSF) is a biofiltration process where, as the name implies, raw 
surface water enters a downflow sand filter at a low loading rate.  This slow rate allows for the 
formation of a biologically active layer on the surface of the sand bed called a schmutzdecke.  
While commonly thought of as the location of the main contaminant removal, Bellamy et al. 
(1985) has shown that this layer enhances particle removal, but that a mature sand bed, with 
active biological growth, was more important in contaminant removal.  SSF are commonly used 
in small communities, however some larger cities, such as London, England and Hartford, 
Connecticut, use this process for portions of their water supply.  An intrinsic problem with SSF 
technology is the large amount of land area required to treat a large volume of water.  This is 
necessary because of the slow flowrates through the filter bed associated with this technology.  
These types of filters are very susceptible to clogging and as such, require a high quality source 
water with low levels of turbidity and algae.  Cleasby et al. (1984) recommends turbidity levels 
<5 NTU and algae, measured in chlorophyll-a concentrations, levels <5 mg/m3.  Another 
disadvantage with SSF technology, and with all biofilters, is the reduced efficiency of the 
process in colder conditions.  This is due to the slowed metabolic processes of the bacteria and 
protest that inhabit the schmutzdecke at lower temperatures 
8 
 
To help alleviate some of the downsides associated with slow sand filtration and less than 
ideal source water conditions, pretreatment methods should be utilized.  Gravel roughing 
filtration (GRF) is often used as this pretreatment method because it has advantages similar to 
SSF, namely, low maintenance and low cost of operation while simultaneously being more 
efficient than a sedimentation basin.  Gravel filters use larger media and operate at a loading rate 
of 0.3 to 1.5 m/hr (Wegelin, 1996), or approximately an order of magnitude higher than SSF. 
These filters increase the general quality of the influent water to the SSF, while also reducing 
spikes of contaminants associated with heavy precipitation events, snow melt, and flooding.  For 
this reason, a GRF/SSF system has much broader appeal than standalone SSF. 
2.1.1 Orientation 
 Vertically oriented downflow (V-DF) roughing filters operate in a similar manner to 
other rapid media filters, however, are inherently more difficult to clean than sand filters.  
Downflow rapid sand filters, commonly used in conventional treatment plants, are cleaned by a 
high rate backwashing process that fluidizes, or suspends, the filter media, allowing the sand 
particles to rub against each other, releasing the contaminants trapped within the pore spaces.  
Gravel media is too large and heavy to be fluidized from a practical and economical standpoint, 
resulting in the lack of cleaning efficiency, the ability to remove contaminants from a filter, 
associated with the backwashing process. 
 Specifically for this reason, vertically oriented upflow (V-UF) roughing filters are 
commonly used.  With this orientation, water flows vertically through the filter, working against 
gravity.  The cleaning process for a V-UF GRF involves rapidly opening large valves located at 
the bottom of the filter.  This allows the filter to drain quickly against the direction of normal 
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operating flow, removing trapped contaminants.  The valves can also be quickly opened and 
closed to produce surges in flow, enhancing the cleaning process. 
 Another orientation is known as horizontal gravel roughing filtration (HRF) where the 
water flows horizontally through different sizes of gravel media.  This orientation, shown in 
Figure 2.1, can be constructed from a modified settling basin if a basin already exists.  The added 
gravel increases the efficiency of solids removal by reducing the settling distance from several 
meters in a conventional settling basin to at most a few centimeters associated with the void 
space in a HRF (Wegelin, 1996).   
 
Figure 2.1 Typical Roughing Filter Configurations (Wegelin et al., 1991) 
 
In a mixed size media, or unimix, HRF, shown in Fig. 2.2, water flows over a weir and 
travels downward and horizontally through the filter media.  Due to the small vois space 
associated with mixed-sized media, primary particle contaminant removals occur at the filter 
surface, causing the formation of a biolayer similar in physical composition to a SSF 
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schmutzdecke.  Unimix HRF have unique advantages for small system water municipalities.  
Small systems serving less than 10,000 community members, do not typically have the skill or 
capital necessary to operate and maintain a highly technical treatment plant.  A technical process 
such as chemical coagulation, flocculation and sedimentation may require a higher time 
commitment than a small system operator can afford.  Unimix HRF allows for a quick visual 
inspection of the filter to determine if the length of the surface clogging is past a predetermined 
cut off point.  This cut-off point should be the required minimum length of filtration needed for 
the particular treatment system plus an additional safety factor as determined by the design 
engineer.  Because most of the contaminant removal occurs at the surface of the filter, cleaning a 
HRF is similar to that of a SSF, the surface of the media can be scraped and removed.  
Additional cleaning could be by opening of the lower drain valves or complete media removal 
and replacement. 
 




 Previous work at the University of New Hampshire conducted by Collins et al. 
determined the treatment performance of different orientations and media sizes based on 
kaolinite clay and Scenedesmus sp. algae challenges (1994).  Vertical roughing filters can 
remove >90% of particles larger than 10 μm and remove >72% of particles 2-5 μm (Pardon, 
1991).  Influent and effluent numbers for turbidity and fecal coliforms based on the various filter 
orientations are listed in Table 2.1.  These values are close to the removal rates reported by 
Collins and Pardon.   
Table 2.1 Gravel Roughing Filter Performance (Wegelin, 1988) 
Parameter Downflow Upflow Horizontal 
Turbidity (NTU)    
Influent 50-200 10-150 40-500 
Effluent 14-40 5-15 5-50 
Fecal coliforms 
(colonies/100 mL) 
   
Influent 700 16,000 >300 
Effluent 160 1,680 <25 
 
Removal rates from the studies performed by Collins et al. (1994) also showed similar 
removal efficiencies with clean gravel, however, gravel media coated with algae had higher 
removals.  All 18 experiments performed during the study had higher removal with algae ripened 
media than with clean media.  Media coated with algae showed a removal efficiency increase of 
20% over non-coated media, resulting in removals as high as 99%.  These results suggest that 




2.2 Green and Yellow-Green Algae 
Algae is a general term for photosynthetic aquatic organism that reside in freshwater or 
saltwater.  Algae can refer to anything from single cellular species to large multicellular marine 
seaweeds, and even motile organisms.  For simplicity, algae are often grouped together based on 
their color; green, brown, red, yellow-green, and golden-brown are some of the color categories 
algae are grouped in.  The visual color of the cell is created by the different pigments, such as the 
various forms of chlorophyll, within the cell. 
 Algae are typically photoautotrophic, meaning the organisms can produce their own 
energy, in the form of glucose, via the capture of sunlight by a process known as photosynthesis.  
The photosynthesis equation is: 
 6𝐶𝑂2 + 6𝐻2𝑂 + (𝐿𝑖𝑔ℎ𝑡) → 𝐶6𝐻12𝑂6 + 6𝑂2 (2.1) 
Photosynthesis allows for production of glucose which can be stored and used during periods of 
low light.  During these darker periods, algae consume the stored glucose in a process called 
cellular respiration which is described by equation 2.2. 
 𝐶6𝐻12𝑂6 + 6𝑂2  →  6𝐶𝑂2 +  6𝐻2𝑂 + (𝑒𝑛𝑒𝑟𝑔𝑦) (2.2) 
Algae also require inorganic nutrients and salts to function.  The primary nutrients required are 
similar to that of land-based plants; relying heavily on nitrogen and phosphorous.  These 
nutrients are taken from the surrounding water and absorbed through the cell wall for use in cell 
repair and reproduction (Bisalputra and Weier, 1963).   
Cell waste material is also excreted through the cell wall and is referred to as 
extracellular organic matter (EOM).  Cell excretions can increase the organic matter present in 
the surrounding water as shown by Hoehn et al. (1980).  All plant cells, to a varying degree, 
produce a mucous coating known as a mucilage layer which is commonly made of the material 
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pectin.  This layer acts as a protective coating, as well as a means by which to hold the colony, or 
coenobium, together (Bisalputra and Weier, 1963). 
 Cell reproduction varies greatly between the different types of algae and can include both 
asexual and sexual mechanisms.  A brief physical and reproductive description of the different 
types of algae used during the course of this study are described below. 
Filamentous: 
Mougeotia sp. – Part of the Chlorophyceae class, Mougeotia sp. is commonly identified by the 
large, flat, sheet-like plastids.  The most common form of reproduction is scalariform 
reproduction where two filaments line up, the adjacent cells connect, and gametes are 
transferred from one cell to the other.  A new filament will emerge from the zoospore 
formed within each fertilized cell (Graham and Wilcox, 2000).  
Oedogonium sp. – Part of the Chlorophyceae class, Oedogonium sp. is an algae with unbranched 
filaments and sessile in nature.  Oedogonium sp. has the ability to reproduce cells in the 
middle of each filament in a telescoping-like action, causing the filament to extend and 
grow outward.  Reproduction also occurs through the release of large zoospores with 
numerous flagella.  These zoospores can settle on surfaces and develop a holdfast, or 
anchor cell, for new filaments (Trainor, 1978).  Oedogonium sp. also has the ability to 
reproduce sexually. 
Spirogyra sp. – Part of the Chlorophyceae class, Spirogyra sp. is a filamentous algae with 
unbranched filaments and characteristic helical plastids.  This algae lacks motility in all 
phases of life and has an abundance of mucilage surrounding the cells.  Reproduction 
occurs through fragmentation or sexual reproduction.  Sexual reproduction includes 
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scalariform conjugation, where adjacent filaments transfer gametes, or laterally, where 
adjacent cells on the same filament transfer gametes (Graham and Wilcox, 2000). 
Ulothrix sp. – Part of the Chlorophyceae class, which characterizes Ulothrix sp. as a green algae, 
this algae is composed of long unbranched filaments.  Reproduction occurs through the 
release of quadriflagellate zoospores.  When a zoospore comes in contact with a surface, 
a holdfast is formed, acting as an anchor cell for a new filament (Trainor, 1978). 
Vaucheria sp. – As part of the Xanthophyceae class, Vaucheria sp. is classified as a yellow-green 
algae.  This algae is composed of long macroscopic filaments that lack dividing cross 
walls; marine and freshwater variants occur in nature.  Male and female structures, 
known as gametangia, grow and protrude laterally from the cell wall.  The male structure 
releases zoospores which seek to enter a single pore on the end of the female structure 
(Trainor, 1978).  Sexual reproduction is typically controlled my photoperiods and 
especially long days of 18 hours or more of light (League and Greulach, 1955).  
Suspended: 
Chlorella sp. – Part of the Chlorophyceae class, Chlorella sp. is unicellular and only a few 
microns in diameter.  Asexual reproduction is common with 2-32 daughter cells 
developing within each cell.  The parent cell ruptures and releases the daughter cells 
when the internal pressure is too great.  Under ideal conditions, cells can reproduce in as 
little as 2 hours (Trainor, 1978). 
Scenedesmus sp. – Part of the Chlorophyceae class, Scenedesmus sp. is commonly around 15 μm 
wide and 40 μm long with spines protruding from the four corners as seen in Fig 2.3.  
Colonies are typically composed of 4 cells, however sometimes 2, 8, or 16 cell colonies 
can occur (Trainor, 1978).  Spines are believed to enhance buoyancy, deter herbivores, or 
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space the algae for optimum light and nutrient availability (Trainor and Egan, 1988).  
During reproduction, 4 cells can form within a parent cell, resulting in a fully developed 
colony (Pickett-Heaps, 1975). 
 
Figure 2.3 Microscope View (100x) of Scenedesmus sp. 
 
2.2.1 Growing in Laboratory Setting 
 Different types of algae have different requirements for enumeration, making it difficult 
to grow numerous types of algae with a single setup.  Cultivating algae in an indoor laboratory 
space requires artificial grow lights, prepared nutrient mixtures, and sometimes an air supply.  
Artificial grow lights should be either full spectrum lights for general algae enumeration, or 
lights that output specific wavelengths depending on the individual algae requirements.  
Programmable timers are used to control the cycle of light exposure (James, 2012).  Selected 
nutrient mixtures also depend heavily on the specific type of algae being cultured.  Nutrient 
mixtures are composed primarily of salts containing nitrogen and phosphorous with various 
levels of micronutrient metals such as iron, zinc, and copper.  Some nutrients mixtures may 
contain vitamins that are commonly found in nature and are necessary for certain types of algae 
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(James, 2012).  Temperature is also an important factor to consider when growing algae.  
Temperatures around 15-20oC are ideal for culturing diatoms, 20-25oC is often used for culturing 
green algae, and >25oC is commonly used to enumerate blue-green algae, also known as 
cyanobacteria (Paerl et al., 2011). 
 Turbulence and mixing intensity are also important for cultivating certain types of algae 
(Ugwa et al., 2008).  Non-motile suspended algae, such as Chlorella sp. and Scenedesmus sp., 
require a large mixing intensity to keep the algae suspended.  Without this constant mixing, these 
cells can settle to the bottom of the container, reducing light and nutrient exposure, essentially 
starving the cells (Cuccato, 2014; Sforza et al., 2012).  For this reason constant mixing through a 
stand mixer, stir plate, or air diffusion is required.  Other types of algae such as filamentous 
algae, which anchor to surfaces, do not react well to high amounts of mixing.  Higher turbulence 
can cause the filaments to break apart and can rip the holdfast from the surrounding surfaces.   
2.2.2 Nuisance in Drinking Water Treatment 
 Little research has been conducted with regard to using algae as an enhancement in 
drinking water treatment processes.  Of the research that has been conducted, by McNair et al. 
(1987) and Nakamoto (2014), filamentous algae has been shown to increase SSF performance 
for an unknown reason.  Beyond these few studies, algae is commonly considered a nuisance in 
many drinking water treatment processes for numerous reasons.  High concentrations of algae in 
the raw water can lead to heavy algal accumulations within a media filter and a rapid buildup of 
headloss.  This results in shorter run times, decreased efficiency, and higher operating costs.  In 
SSF facilities, this can reduce the run time to unfavorably short periods, <30 days, causing loss 
of filter operation and near-constant ripening periods to build-up the schmutzdecke to an 
acceptable level (Hendricks et al., 1991).  It is recommended that SSFs have no more than 5 
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mg/m3 of chlorophyll in the influent water to prevent this unfavorably short filter run time 
(Cleasby, 1984).  Conventional treatment plants with coagulation and sedimentation processes 
can effectively remove algae from the water prior to filtration, however significantly higher 
doses of coagulant are required due to the added demand associated with the algae (Crittenden et 
al., 2012).   
 Algae blooms, or the rapid enumeration of algae in a water source, are becoming more 
common with rising global temperatures and high levels of nutrients in runoff (Paerl and 
Huisman, 2009).  These blooms are a common cause of concern for drinking water treatment 
plants for numerous reasons beyond just the filter clogging potential.  As algae blooms start to 
decline, the cells begin to degrade and release a cocktail of organic compounds into the water.  
These organics increase the NOM load on a treatment facility and increase the likelihood of 
disinfection by-products (DBPs) forming in the distribution system.  Research has shown algae 
can be a precursor to trihalomethanes (THMs) when drinking water is chlorinated; the most 
common species of THM created from algae is chloroform (Hoehn et al., 1980). Chloroform is 
easily strippable through diffused aeration or spray aeration, but it is not desirable to add 
additional steps to the treatment process if necessary (McCowan, 2015).  Removal of DBP 
precursor material can be achieved through enhanced coagulation and flocculation, granular 
activated carbon filtration, air stripping, and membrane filtration.  Another option to significantly 
reduce DBPs is to switch the method of disinfection, chloramines can be used as a way of 
lessening the amount of free chlorine present in a finished water.  Certain excreted organic 
compounds from algae are also known to cause taste and odor sensory effects in the finished 
water.  These effects can range from cucumber or grass smelling to fishy or oily tasting. 
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 An additional concern with algal blooms is the possible presence of cyanobacteria in 
water supplies.  Cyanobacteria, also known as blue-green algae, are not actually algae but are a 
type of photosynthetic bacteria.  Cyanobacteria bloom in much the same manner as algae, given 
an abundant source of nutrients and sufficient sunlight.  Cyanobacteria pose a great threat to 
drinking water facilities because of the toxins excreted when the bloom begins to die.  These 
organic toxins are shown to cause serious health effects in large doses.  Health implications 
include skin and digestive irritation, kidney and liver failure, and neurotoxicity (Paerl and 
Huisman, 2009).  Because much of the organic compound release, with both green algae and 
cyanobacteria, happens during the die-off of the bloom (Sharp, 1977), the best means to reduce 
this occurrence is to preemptively treat the water source for algae before the bloom develops, or 
try to keep the algae healthy and delay, or prevent, degradation. 
2.3 Challenge Constituents 
Natural waters, and especially surface waters, can contain large amounts of suspended 
solids, colloidal suspensions, and dissolved constituents.  These contaminants can have 
massively different sizes, which poses a challenge when looking at a removal process.  These 
constituents can be either organic or inorganic in nature, act differently in the treatment process, 
and can have different health effects when present in finished water.  Kaolinite clay and E. coli 
were used as surrogate particles added to laboratory prepared deionized water and surface water 
from a nearby river.  Natural organic matter from surface water was also tested as a primary 
challenge constituent. 
2.3.1 Kaolinite Clay 
 Kaolinite clay, Al2Si2O5(OH)4, is a naturally occurring clay mineral and is one of the 
most common types of clay present in natural waters in the world.  Clay particles have a layered 
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structure that carries a slight negative surface charge, and typically are <1 µm in size (Grim, 
1953).  Kaolinite enters waters through the weathering of rocks, typically in warmer climates 
such as the southern U.S.  Excessively high levels of clay in source waters can cause premature 
SSF failure, reducing run times and the economic benefits associated with SSF operation.  
Kaolinite is easily controllable making it useful for conducting experiments.  Turbidity 
measurements were used in this study to approximate clay concentrations.  Expected clay 
removals associated with GRF, as described earlier, range from 50% to 90% (Wegelin, 1988). 
2.3.2 E. coli 
Escherichia coli is a gram negative, rod-shaped bacteria located primarily in the large 
intestine of warm-blooded animals.  Cells are typically 0.25-1 μm in diameter and 2 μm in 
length.  E. coli is present in fecal matter and is commonly used as an indicator of fecal presence 
in or around a water source.  Most strains of E. coli are harmless to humans, but some can cause 
sickness and digestive problems.  For this research, E. coli was used as a challenge contaminant 
for two reasons.  First, E. coli is a well-studied bacteria that grows at a constant rate, has a stable 
size, and can be easily measured.  Secondly, E. coli is commonly used as a surrogate for 
Cryptosporidium sp.  Cryptosporidium sp. is a problem in for water treatment operations because 
it is not easily killed by chlorine (Korich et al., 1990).  E. coli is similar in size to 
Cryptosporidium sp. but more easily controlled.  Expected removals of the broader bacteria 
category of fecal coliform, of which E. coli is part of, associated with GRF may be >90% 
(Wegelin, 1988).  
2.3.3 Natural Organic Matter 
 Natural organic matter (NOM) is a catchall term used to describe, particulate, colloidal, 
and dissolved matter that is organic in nature.  NOM comes from animal waste, soil, 
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decomposing leaves, and other by products of matter decomposition.  Organic matter is largely 
responsible for coloring and taste and odor effects in water.  A current focus of water regulators 
is associated with NOM as a precursor in the formation of disinfection byproducts (DBPs) in 
water distribution systems.  NOM reacts with free chlorine to form DBPs, namely 
trihalomethanes and haloacetic acids.    Lowering the levels of NOM in the finished water lowers 
the likelihood of DBPs forming in the distribution system.  Coagulation and sedimentation, 
adsorption, membrane filtration, and oxidation are common ways to reduce NOM.  Granular 
media filtration does not remove a significant level of NOM, however the effects of algae layers 
and coatings in a filter are unknown.  NOM was measured, by the surrogate TOC/DOC, to 




3. METHODS AND MATERIALS 
 
The main goal of this research project was to determine if algae-enhanced filtration 
resulted in higher removal efficiencies of turbidity, E. coli, or NOM when compared to filter 
without algae. 
Several different setups and application techniques were used during testing and are 
summarized in Table 3.1 and detailed in the following sections.  These include an algae growing 
setup to test the feasibility of algae cultivation, a pilot-scale downflow gravel roughing filter 
setup designed for testing a seeded filamentous algae culture growing on top of the filter media, 
a bench-scale downflow column setup to test various media coatings, and a field-scale horizontal 
roughing filter to test algae enhancements and operational characteristics. 
Table 3.1 Summary of Experimental Phases 
Phase Purpose Scale Challenge Constituent 
1 Develop Algae Cultivation and 
Seeding Techniques 
Bench N/A 
2 Evaluate Filamentous Algae 
Enhancements 
Pilot E. coli 
3 Test Algae-Based Gravel Media 
Coatings 
Bench Clay Turbidity, NOM 
4 Determine Performance and 
Operational Characteristics of HRF 
Field Clay Turbidity 
 
 
3.1 Algae Cultivation and Seeding 
The purpose of this section of research was to identify a consistent way to grow and 
enumerate different types of algae for use in other aspects of the project.  Algae types included 
filamentous green and yellow-green algae as well as suspended green algae.  Filamentous algae 
include: Mougeotia sp., Oedogonium sp., Spirogyra sp., and Ulothrix sp. which were purchased 
from Carolina Biological Supply Company, Fig. 3.1, as well as Vaucheria sp. which was 
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collected from a local runoff stream.  Suspended algae included Chlorella sp. and Scenedesmus 
sp. were purchased from Carolina Biological Supply Company. 
 
Figure 3.1 Filamentous Algae Specimen from Carolina Biological Supply Co. 
 
3.1.1 Filamentous Algae Setups 
Initial attempts to grow the filamentous algae used four liter clear plastic tanks and a 
single, large air diffuser stone, shown in Figures 3.2 and 3.3.  This setup was designed to keep 
the algae suspended and exposed to the grow lights which were positioned 46 cm (18 inches) 
above the tanks.  The air input, set to 1 LPM per tank, was originally intended to add dissolved 
gases to the water to enhance the photosynthesis process.  
 




Figure 3.3 Picture of Initial Setup for Filamentous and Suspended Algae Cultivation 
 
Additional attempts to grow filamentous algae were made using Erlenmeyer flasks of 125 
mL, 250 mL, 500 mL, and 1 L in volume.  Algae was initially seeded in the smallest flasks, and 
gradually transferred to the larger volume flasks when the algae density/coverage was deemed 
sufficient.  Because of the high tensile strength of filamentous algae, uniform samples could not 
be collected, thus the algae density could not be calculated without destroying the culture.  Air 
was not bubbled into the water in this setup in an effort to reduce the amount of turbulence in the 
water that could potentially disrupt or tear the filaments. 
In an effort to improve the transfer efficiency from one container to another, attempts to 
grow the algae onto objects including gravel filter media, large stone, and plastic mesh were 
conducted.  These setups were used to test the means of improving algae transfer from a 
cultivation setup to a filter bed.  Beakers, 250 mL and 500 mL in volume, were used to allow for 
easy removal of the objects and the adhered algae.  Similar to the flask setup, no air was added to 
the containers. Further detail on the transfer objects is described in section 3.1.5.   
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Finally, one slow-rate downflow gravel filter was setup to closely simulate the 
environmental conditions typical for filamentous green algae development, shown in Figures 3.4 
and 3.5.  A 150 liter tank was used to hold surface water collected from a local river and an air 
diffuser stone was placed in the bottom of the tank.  A peristaltic pump was used to add new 
water from the tank to the four liter growth chamber at a rate of 25 mL/min corresponding to a 
loading rate of 0.031m/hr.  The four liter container held 4 cm of gravel, 1.2 mm effective size 
and a uniformity coefficient of 1.5.  A simple underdrain was added and the effluent from the 
filter flowed to a drain. 
 




Figure 3.5 Flow-Through Filamentous Algae Growing Setup 
 
3.1.2 Suspended Algae Setups 
Initial attempts to grow the suspended algae were identical to that of the initial attempts 
with the filamentous algae using a four liter clear plastic tank and a large air diffuser stone.  The 
addition of air was primarily used to keep the algae suspended and exposed to the grow lights, as 
well as to add dissolved gases to the water to aid the photosynthesis process.  Air was added at a 
rate of 1 LPM. 
Subsequent attempts to grow suspended algae used 250 mL and 500 mL glass gas 
washing bottles, Fig. 3.6 and 3.7.  Air was bubbled into these containers through a built in glass 
tube that delivered the air to the bottom of the bottle, encouraging mixing and resuspension 
throughout the length of the bottle.  The air flowrate was set to 2 LPM for the 500 mL bottles 
and 1 LPM for the 250 mL bottles.  Individual flow meters were used to control flow to each 
Peristaltic Pump 
Four Liter Growth 
Chamber 
150 Liter Tank 
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container.  Five gas washing bottles were used for both types of algae, one for each week day.  
This method provided a consistent age and concentration of algae each day of the week for use in 
other experiments.  One bottle per day was emptied, rinsed clean, and reseeded with algae and 
fresh nutrients to start the process over.  Chlorella sp. was reseeded at a dilution of 1:10 and 
Scenedesmus sp. was reseeded at a dilution of 1:5. 
 
Figure 3.6 Schematic for Gas Washing Bottle Setup for Small Batch Suspended Algae 
 




To meet the demand for a larger volume of suspended algae necessary for the HRF field 
study, a larger cultivation setup was constructed, Figures 3.8 and 3.9.  Clear plastic carboys, 25 
liters in volume, where used in a manner similar to the gas washing bottle setup.  Five total 
carboys were used, one for each day of the work week, providing a consistent volume of algae.  
A large diffuser stone, similar to that used in the initial setup, was placed low in the carboy. The 
air flow meters used previously to calibrate airflow to each container had to be removed due to 
space limitations associated with the large carboys, but air feeding a central manifold was 
measured at 24 LPM.  The fluorescent grow lights also had to be relocated to the side of the 
carboys.  Each day, Monday through Friday, one carboy was harvested, yielding approximately 
19 liters of algae after reseeding four liters, 2-3 liters were lost to evaporation during the week.  
The tank was cleaned by using paper towels to remove buildup on the tank walls that 
accumulated on the light-side of the tank.  This was done to reduce inefficiencies associated with 
reduced light transmittance.  The scrubbed tank was refilled with nutrients to start the growing 
process anew.  The larger growing setup would be deemed successful if the algae chlorophyll-a 
concentrations could match those produced in the smaller gas washing bottles. 
 




Figure 3.9 Clear Carboy Setup Growing Scenedesmus sp. for Use in the HRF Field Study 
 
3.1.3 Water Sources and Growth Nutrients 
 Numerous water sources and nutrient media were used over the course of this study.  Lab 
deionized water was used primarily as a base water to which growth nutrients could be added.  
River water from the Oyster and Lamprey Rivers in southeastern New Hampshire was also used 
as a standalone water containing its own nutrients.  Groundwater with added nutrients was used 
for the initial setup of the pilot downflow filter study.  Multiple types of nutrient media were 
used including the GTk media detailed in Table 3.2.  This general media provides consistent, 
high levels of nutrient salts to create fast growing cultures where consistent cell morphology is 
not of the utmost importance.  This growth media was recommended by Dr. Jahnke (2014) of the 
University of New Hampshire Department of Biological Sciences.  Soil water extract was also 
purchased from Carolina Biological Supply Co. and used to create a more natural nutrient 
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mixture containing extra salts that are not included in other common, nutrient solutions.  Both 
the GTk media and soil water extract were added to the lab water to create the proper dilution.  
Table 3.2 GTk Growth Medium for Freshwater Species 
Constituent* Chemical Amount Stock Conc. Final Conc. 













T2 (500 mL) Na2HPO4 2.6 g 40 mM 0.4 mM 
K3 (40 mL) EDTA, Na3 
10% H2SO4 
2.15 g 






































* For approximately 1 L of nutrient solution, 10 mL of G1 and T2 and 1 mL of K3, K4 and K5 is 
added to 970 mL of lab water. 
 
3.1.4 Light and Temperature 
The grow lights consisted of a bank of four, 4-foot long full spectrum fluorescent lights.  
These lights were Philips Natural Light 32W T8 bulbs producing 2850 lumens per bulb.  Each 
shelf had its own bank of lights.  The lights were set with a programmable timer to cycle for 12 
hours on and 12 hours off.  Lights were positioned 46 cm (18 inches) above the shelf.  After the 
initial growing setup, the light cycle was shifted to 20 hours on and 4 hours off to increase the 
algae growth rate, determined by the time required for the algae to reach maximum density with 
regards to chlorophyll-a concentrations.  The analysis process is described in Section 3.5.1.  
Eventually the lights were repositioned to the back of the shelf to accommodate the increased 
size of 25 liter carboys.  This resulted in the grow lights facing horizontally across the shelf and 
only 7.5 cm from the surface of the carboys, as seen in Fig. 3.9. 
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The algae growing study was conducted in a constant temperature room in Gregg Hall at 
the University of New Hampshire.  The temperature was set to 20 oC for the entirety of the study. 
3.1.5 Transfer Methods 
A small study to test the best means to transfer, or seed, the various filamentous algae 
was conducted.  One method of transfer was to simply pour the algae grown in a flask onto the 
filter bed.  Another method was to cut algae filaments from a main culture to determine if the 
specialized holdfasts would develop and anchor the new algae colony.  A third method was to 
test how transferring an object with algae growing on the surface would perform.  Gravel filter 
media, ~5 mm in diameter, was used as a substrate to adhere to, as was larger stone, ~25 mm in 
diameter, shown in Fig. 3.10.  Finally, a plastic mesh with approximately 10 mm openings was 
used to test if the algae could be easily grown and transferred on a single matrix.  
 
Figure 3.10 Objects Used to Improve the Transfer Process for Filamentous Algae Seeding.  
Note, the Stainless Steel Machine Screw on the Mesh was to Aid in Handling. 
 
3.2 Filamentous Algae Study 
The purpose of this study was to evaluate the performance of a filter that was augmented 
with a healthy layer of filamentous algae growing on the media surface and compare that to a 
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control filter without any algae.  It was desirable that a strong algae culture would be grown and 
outcompete other, native algae species on top of the filter media. 
3.2.1 Setup 
 Five roughing filters were constructed with Rubbermaid® brand plastic tote containers.  
These containers were approximately 18 L in volume and 42 x 28 x 28 cm in size.  The filters 
were designed in the vertical downflow (V-DF) orientation to allow the algae mat to be the first 
point of contact with potential contaminants in the influent water.  Nine cm of gravel with an 
effective size of 1.2 mm and a uniformity coefficient of 1.5 was used as the filter media, with a 
total volume of approximately 7.5 L.  The design flowrate through each filter was 600 mL/min 
which corresponds to a filter loading rate of 0.5 m/h.  Lights were added above the filters to 
promote algal growth.  These lights were similar to the lights detailed in Section 3.1.4 and were 
35 cm from the surface of the media.  The lights were set to cycle for 12 hours on and 12 hours 
off.  Paint was used to cover the sides up to 10 cm from the bottom of the containers to reduce 
algae growth below the surface of the filter bed.  The container of the control filter was painted 
everywhere to minimize algal growth; this filter also had a cover on top, effectively limiting all 
light to the filter.  
 Influent water first entered a 210 liter (55 gallon) barrel where nutrients were added, 
when the water source was groundwater that lacked sufficient nutrients for algae growth.  A 
peristaltic pump moved water at 600 mL/min from the barrel to each of the filters.  Another 
peristaltic pump was used to dose the challenge stock; a wye and static inline mixer were used to 
ensure a thoroughly mixed influent water.  A schematic and photograph can be seen in Figures 
3.11 and 3.12 respectively.  After the initial experiments, one cm of zeolite was added to two 
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filters to test the algae enhancing properties of the nitrogen-absorbing stone as seen by McNair et 
al. (1987). 
 
Figure 3.11 Schematic for the Filamentous Algae Pilot Study 
 
Figure 3.12 Gravel Filters for the Filamentous Algae Pilot Study. Note: Setup in the Picture 









3.2.2 Algal Seeding 
 The downflow filamentous algae study was originally setup in Ritzman Laboratory on the 
campus of the University of New Hampshire and oriented to run on groundwater that had been 
spiked with the GTk nutrient mixture described in Table 3.2.  Algae was added to the filter by 
the pour method.  There was no water flowing through the filters immediately after the algae was 
added to allow the algae to settle and adhere to the surface of the media.  Initially the filamentous 
green algae Mougeotia sp., Oedogonium sp., Spirogyra sp., and Ulothrix sp. were used.  After 
the initial challenge, Oedogonium sp. and Ulothrix sp. were seeded on two filters each one with 
zeolite and one without. 
 The filters were transferred to the UNH/Durham Drinking Water Treatment Plant and 
surface water from the Lamprey River was used without the addition of any additional nutrients.  
Two filters were seeded with Vaucheria sp. yellow-green algae and allowed to grow in water 
flowing at 300 mL/min, corresponding to a loading rate of 0.25 m/h. 
3.2.3 E. coli Challenge 
 An E. coli challenge was performed with the groundwater-grown algae amended filters.  
The E. coli solution consisted of 12 L of lab deionized water with 5x104 CFU/100 mL of E. coli.  
A peristaltic pump, operated at 25 mL/min, dosed the stock into each filter influent line through a 
wye connection and static inline mixer.  The carboy containing the challenge stock was 
continuously mixed with a stand mixer.  The filter influent was designed to have approximately 




3.2.4 Algae Assessment 
 Filamentous green algae cannot be easily cut due to the strength of the cell walls.  This 
problem prevented a system similar to the schmutzdecke sampler developed by Nakamoto 
(1993) from being employed on these roughing filters.  Instead a two way approach was taken to 
estimate the algae coverage on the filter bed.  A grid was constructed using a wooded frame and 
1.3 x 1.3 cm (0.5 x 0.5 inch) wire mesh.  The water height in the filter was lowered and the grid 
was inserted approximately 1 inch above the filter bed.  The number of grid cells that had algae 
below them allowed for an estimate of the percent of the filter that was covered by algae 
 A thin walled brass rod was used to grab samples from seven randomly selected grid 
spaces in each filter.  The rod had a diameter of 6.4 mm and could shear the algae walls when 
forced down into the filter bed.  If a thicker walled tube was used or not enough force was 
applied, the algae mat would simply be pushed into the filter media.  Covering the opposite end 
of the tube allowed for a core sample to be collected containing water, algae, and gravel.  The 
chlorophyll extraction method detailed in Section 3.5.1 could be performed once the filter media 
was removed from the sample.  The resulting chlorophyll values were related to the area of the 
coring tube. 
3.2.5 Filamentous Algae Batch Experiment 
 To test the adhesion properties between suspended E. coli and the filamentous algae 
mucilage, an experiment was planned using an oscillating platform table.  Ten 250 mL 
Erlenmeyer flasks were filled with 200 mL of lab water.  Half of the samples had ionic strength 
from sodium chloride totaling 0.001, and half had ionic strength from magnesium sulfate totaling 
0.001.  E. coli, totaling 2400 CFU/100 mL was added to each stock water.  Four types of 
filamentous algae were used in this experiment: Mougeotia sp., Oedogonium sp., Spirogyra sp., 
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and Ulothrix sp.  Samples were placed on a New Brunswick – Innova 2150 platform shaker 
oscillating at 200 RPM for 120 minutes.  Samples were taken with 50 mL syringes and filtered 
through Whatman® 934-AH filter paper.  E. coli samples were enumerated and MPN calculated 
based on the procedure detailed in Section 3.5.2 and the total chlorophyll-a of the algae added to 
each flask was analyzed by the procedure detailed in Section 3.5.1.   
3.3 Bench-Scale Coated Media Study 
The purpose of the coated media study was to test the performance of algal coatings on 
small gravel filter media compared to non-coated gravel media. 
3.3.1 Column Setup 
 Six glass columns where setup to be run concurrently using a single peristaltic pump with 
six pump heads.  Each column was 5 cm in diameter and 30 cm long.  The column was filled 
halfway with gravel, approximately 270 mL; this gravel had an effective size of 0.95 mm and a 
uniformity coefficient of 1.5 mm.  The columns were operated in the vertical downflow 
orientation and the peristaltic pump was used to control the effluent flow.  The filter flowrate 
was approximately 15 mL/min which corresponds to a loading rate of 0.5 m/h. 
3.3.2 Recirculation Setup 
 To ripen the filter media with algae-based and non-algae-based solutions, a closed-loop 
recirculation setup was used as shown in Figures 3.13 and 3.14.  A 1 L flask held the contents of 
the ripening solution detailed in Section 3.3.3.  Each flask was placed on a stir plate and a 2.5 cm 
stir bar was used to continuously mix the solution over the period of ripening.  Each column was 




Figure 3.13 Schematic for the Filter Media Ripening Phase of the Column Study 
 
 







3.3.3 Recirculation Stock Solution 
 Columns were ripened with unique stock solutions to test how the different coatings 
effected the performance of the media on different challenge contaminants.  Stock solutions 
contained various amounts of suspended algae including Chlorella sp. and Scenedesmus sp., and 
the filamentous algae Ulothrix sp. that was mixed in a blender to lyse the cells and expose higher 
levels of organic matter.  GTk nutrient media was added to flasks that had lower amounts of 
algae because the suspended algae could not easily be separated from the nutrient media.  Lab 
water was used to bring the contents of the stock solutions up to 1 L in volume.   
 A binding agent was often added to the stock solutions to aid the deposition of algae on 
the column filter media.  These binding agents included ferric chloride, dissolved magnesium, 
magnesium hydroxide, and kaolinite clay slurry.  Dissolved magnesium and magnesium 
hydroxide were being studied in concurrent research at the University of New Hampshire.  
Magnesium hydroxide was also shown to be of importance in pH induced algae flocculation 
(Vandamme et al., 2011).  For this study, it was also assumed there was no removal of algae in 
the tubing and that all algae was contained in either the flask or the gravel media. 
3.3.4 Challenge Setup 
 To challenge the ripened media, the column influent tubes were placed in a 20 L carboy 
that contained the challenge stock shown in Fig. 3.15 and 3.16.  The carboy containing the 
challenge stock was continuously mixed with a stand mixer.  The effluent tubes were mounted 
and allowed to drip into a waste bucket.  Sample vials were positioned underneath the effluent 





Figure 3.15 Schematic for the Challenge Phase of the Coated Media study 
 
 








Figure 3.17 Sampling Setup to Collect Multiple Samples Concurrently 
 
3.3.5 Challenge Stock Solution 
 Challenge solutions consisted of 20 L of either lab water or river water depending on the 
experiment.  This water was brought to room temperature, around 20 oC, prior to use.  If clay 
turbidity was the challenge constituent, hydrated and suspended kaolinite clay was added to the 
stock to bring the turbidity to around 20 NTU.  Sodium chloride was added to create an ionic 
strength of 0.005 and the pH was adjusted with sodium bicarbonate to around 7.  River water, 
used for NOM challenges, was left unaltered. 
3.4 Field-Scale Horizontal Roughing Filter 
The purpose of the field study was to test the performance and operational characteristics 
of a horizontal roughing filter with the addition of suspended algae acting as an enhancing 





Figure 3.18 Schematic for Field HRF Setup 
 








3.4.1 Filter Setup 
 Two filters were constructed, one for experimentation and one to act as a control.  The 
filters were constructed from a 173 x 56 x 23 cm (68 x 22 x 9 inch) stainless steel food serving 
troughs.  An 20 cm high weir was constructed from PVC sheet and angle and affixed and sealed 
13 cm from the end of the trough, Figure 3.20.  The drain system was made from ¾ inch PVC 
pipe with 110 holes of 0.12 cm (3/64 inches) in diameter drilled along the length of the pipe as 
shown in Figure 3.21.  A PVC sheet was cut into 0.6 cm wide strips and adhered to the base and 
sides of the trough in two locations, 50 and 100 cm from the weir, Figure 3.22.  These strips act 
as flow disrupters to reduce edge effects.  
 
 
Figure 3.20 Construction and Testing of the PVC Weir 
 
 The gravel media used in the HRF was a mixture of gravel sizes resulting in an effective 
size of 1.6 mm and a uniformity coefficient of 2.375.  Table 3.3 shows the results of a sieve 
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analysis on the gravel.  The gravel was laid to a depth of 18 cm.  Raw untreated water from the 
Lamprey River was settled in a 210 liter (55 gallon) barrel to remove large contaminants and 
peristaltic pumps fed the water to the forebay of each of the filters.  The settled water suction 
lines were 38 cm below the surface of the water, or 46 cm from the bottom of the barrel.   
 
Figure 3.21 Test Fit of the Field HRF Drain System 
 
Figure 3.22 Field HRF Edge Disruptors 
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Figure 3.23 Filtration Length Sampling Probes 
 
Samples were collected from the influent forebay and from the filter effluent.  Sampling 
probes were inserted into the gravel at 38, 76, and 114 cm (15, 30, and 45 inches) from the front 
of the weir and are visible in Figure 3.23.  These probes allow for sampling along the length of 




the downflow side.  The bottom of the tube was plugged.  A peristaltic pump was continuously 
run at 25 mL/min to prevent probe fouling, Figure 3.24.  The HRFs were designed to operate at 
840 mL/min, corresponding to a loading rate of 0.5 m/h based on the horizontal cross sectional 
area of the filter bed.  A half section of slotted PVC pipe, shown in Figure 3.25, was added at 
401 cm downstream from the weir to measure the water height within the filter.  A ruler was 
lowered until the surface of the water was contacted, and the height of the edge of the tank was 
read against the ruler to calculate the water height within the filter. 
 





Figure 3.25 Water Height Sampling Location, 41 Inches from Weir in Background 
 
3.4.2 Ripening and Monitoring 
 The filters were monitored during the ripening period after the initial filter construction.  
Samples were taken five days per week and included: effluent flowrate, water height, longest and 
shortest length of surface clogging measured from the weir, temperature, influent pH, and 
influent and effluent turbidity.  Weekly measurements included influent flowrate and sample 
probe flowrates.  Measurements were collected starting from the filter effluent and moving 
upstream towards the influent so as not to disrupt downstream measurements. 
3.5 Analytical Methods, Analyses, and QA/QC 
Quality Assurance and Quality Control protocols were taken throughout the extent of this 
research to ensure the quality of results.  Care was taken to ensure samples were collected, 
stored, and analyzed in a timely manner.  With the exception of the Chlorophyll-a assessment, all 
analyses were conducted in accordance with Standard Methods for the Examination of Water 




 Measurement of chlorophyll-a is the primary method to quantify green algae 
concentrations in a given sample.  The method used is modified from the process laid out by 
Lichtenthaler and Wellburn (1983).  Samples were collected in 50 mL disposable plastic vials 
and spun on a centrifuge at 3200 RPM for 10 minutes.  This step formed a dark green pellet at 
the bottom of the vial, however, deposits occasionally formed along the slope of the bottom cone 
of the vial.  The centrate was decanted off using a 1 mL pipette, leaving just the algae in the form 
of a pellet behind.  Ethyl Alcohol, 95% EtOH, was used as the solvent to lyse the cell wall, 
extracting the chlorophyll pigment.  Algae was resuspended in the solvent by mixing on a Fisher 
Scientific Vortexer and subsequently placed in a hot water bath, set to 97 oC, for 20 minutes.  
After heating, ethyl alcohol was added to the samples to replace any alcohol that was lost due to 
evaporation.  Samples were spun on the centrifuge at 3200 RPM for 10 minutes to settle out the 
algae cells.  The pellet was inspected for any remaining green color; if any color was detected, 
the samples were heated and spun again. 
 The visibly green centrate was then analyzed using a Hach DR5000 spectrophotometer at 
multiple wave lengths to measure the chlorophyll-a content.  A 4 mL quartz cuvette was filled 
with the sample centrate and analyzed at wavelengths of 649 nm and 665 nm.  The 
spectrophotometer was zeroed against a blank of 95% EtOH.  Equation 3.1 was used to correlate 
the absorbance readings to chlorophyll-a concentration (Lichtenthaler and Wellburn, 1983): 
𝐶 = 22.24 ∗ 𝐴𝑏𝑠649 + 5.24 ∗  𝐴𝑏𝑠665    (3.1) 
Where: 
C = total chlorophyll, μg/mL 
Abs649 = absorbance reading at 649 nm 
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Abs665 = absorbance reading at 665 nm 
3.5.2 E. coli MPN 
 The IDEXX Colilert® method was used to calculated the most probably number (MPN) 
of Escherichia coli concentrations.  Serial dilutions were performed to bring the anticipated E. 
coli concentrations to a number readable by the testing method; the maximum reading for this 
method was 2419.2 CFU/100 mL.  Colilert® nutrients were added to the 100 mL samples and 
shaken until the nutrients dissolved.  The samples were poured into Quanti-Tray® sealable 
enumeration trays, and air bubbles were removed.  The trays were heat sealed and placed in an 
incubator set to 37.0 oC, where they were incubated for 24-48 hours prior to readings.  The 
number of large and small wells that were colored yellow was recorded and correlated to a most 
probable number, MPN, for the presence of coliform bacterial.  The trays were then analyzed 
under a UV light; wells that fluoresced were positive for E. coli and the number of wells were 
counted again for the MPN.  E. coli MPN were recorded in CFU/100mL of sample. 
3.5.3 Turbidity 
 Turbidity samples were analyzed on a Hach 2100Q turbidimeter.  A 20 mL glass vial was 
used to hold the sample.  The vial was rinsed with sample water prior to being filled and 
analyzed.  The outside of the vial was wiped with lint-free tissue to remove residual water and 
fingerprints.  Each sample was read twice. 
3.5.4 TOC/DOC 
 A GE Sievers 5310C Laboratory TOC Analyzer was used to measure total organic 
carbon (TOC) and dissolved organic carbon (DOC).  Samples being tested for DOC were first 
filtered through a Whatman® GF/F 0.7 μm filter.  Five standards were run with the samples to 
48 
 
create a calibration curve.  Blanks and standards were also run intermittently to verify no 
instrument drift occurred during the analysis. 
3.5.5 UV254 
 Samples were filtered using a Whatman® GF/F 0.7 μm filter and analyzed on the Hach 
DR5000 spectrophotometer set to a single wavelength of 254 nm.  Samples were allowed to 
warm up to room temperature before analysis.  The instrument was zeroed against lab water. 
3.5.6 pH 
 Sample pH was checked with a Fisher Scientific accumetTM Excel XL50 pH meter with a 
Fisher Scientific pH probe (cat. # 13-620-299A).  The meter was calibrated with Fisher Scientific 
buffer standards with a pH of 4, 7, and 10. 
3.5.7 Temperature 
 Temperature measurements were made with a NIST calibrated thermometer.  Care was 
made to ensure the tip of the thermometer was properly immersed in the fluid when reading the 
scale. 
3.5.8 Dissolved Oxygen 
 Dissolved oxygen measurements were taken with a YSI Model 5000 DO meter and YSI 
5739 probe.  The DO probe was continuously swirled during measurement collection to ensure 
the correct dissolved oxygen exposure was achieved. 
3.5.9 Hardness and Alkalinity 
 The HACH digital titration method was used to measure water hardness. Sample dilution 
was performed based on the estimated hardness level.  Buffer solution and a ManVer® 2 
Hardness Indicator color packet were used.  A 0.8 M EDTA Tetrasodium salt cartridge was used 
and a Hach digital titrator fed the chemical into the sample until the sample turned from a pink to 
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purple in color.  A multiplying factor was applied based on the sample dilution to calculate the 
sample hardness. 
 The Hach digital titration method was used to measure the alkalinity of water samples.  
Similar to the hardness method, sample dilution was performed in correspondence with the 
estimated alkalinity level.  A Phenolphthalein Indicator Powder coloring packet was added to the 
sample.  A 1.6 N sulfuric acid cartridge was used and a digital titrator fed the chemical into the 
continuously mixed sample until the sample turned from a pink color to clear.  A Bromcresol 
Green-Methyl Red Indicator Powder coloring packet was then added to the sample.  Additional 
sulfuric acid was added until a light green/blue gray, light violet/gray, or light pink color was 
achieved, based on the final pH of the sample.  The dilution multiplying factor was applied to 
calculate both phenolphthalein and total alkalinity of the sample. 
3.5.10 Conductivity 
A Corning Checkmate II conductivity probe was used to measure the conductivity of 
collected samples.  The probe was zeroed against air and standardized against a standard with a 
known conductivity of 1413 μS/cm. 
3.5.11 QA/QC 
Quality assurance and quality control methods were performed to maintain the precision 
and accuracy of the data collected throughout the entirety of the experimental runs.  Precision 
may be checked by running duplicate samples, duplicate experiments, and monitoring standard 
deviations.  Accuracy may be checked through the use of standards, however, not all methods 
can be reasonably checked for accuracy such as with the chlorophyll-a measurements.  Methods 
of analysis and sample preservation as described in the EPA funding Grant for this research 
(EPA-G2013-STAR-G1) are detailed in Table 3.4. 
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The two way ANOVA method was used to determine statistical significance of the data 
at a confidence of 95%.  Microsoft Excel was used to perform these analyses. 
Table 3.4 Summary of Sample Preservation, Container Type, and Holding Times 
Water Quality Min. Volume Preservation Container Type Holding Time 
Chlorophyll-a 10 mL Refrigerate, 
Limit Light 
Exposure 
Plastic 0-24 hours 
E. coli MPN 250 mL Refrigerate Plastic 0-24 hours 
Turbidity 100 mL Refrigerate, 
Limit Light 
Exposure 
Plastic 0-24 hours 
TOC/DOC 100 mL H3PO4 Glass 7 days 
UV254 40 mL Refrigerate Plastic 0-24 hours 
pH 50 mL N/A Plastic 0-0.25 hours 
Temperature N/A N/A N/A Immediate 
Dissolved Oxygen N/A N/A N/A Immediate 
Hardness and 
Alkalinity 
300 mL Refrigerate Plastic 0-24 hours 






4. RESULTS AND DISCUSSION 
 
The goal of improving the performance of gravel roughing filtration through the use of 
algal additions was broken down and tested in four phases.  The first phase was to determine the 
means to consistently grow healthy and plentiful algae cultures for use in other phases.  Phase 
two was to test the performance of a downflow gravel roughing filter with a living filamentous 
algae culture growing on the surface of the filter bed.  The third phase was to test gravel media 
that had been coated, or ripened, with algae.  And finally, the last phase was to setup and test a 
field-scale horizontal surface-applied roughing filter configuration. 
4.1 Assessing Algae Cultivation Techniques 
Successfully growing and harvesting algae cultures proved to be a challenge over the 
course of this study.  Multiple attempts were made with each type of algae, leading to an ability 
to narrow in on a best practice for each of the types of algae used.  Further details describing 
each of these attempts is described in the sections below. 
4.1.1 Filamentous Algae 
 Initially, the four types of filamentous green algae, Mougeotia sp., Oedogonium sp., 
Spirogyra sp., and Ulothrix sp., were grown in a manner typically used to culture suspended 
algae.  This setup, which can be seen in Figure 3.3, used large diffuser stones to bubble in air to 
ensure the algae had a sufficient amount of dissolved CO2 needed for photosynthesis.  A large 
updraft was created by the bubbles, resulting in a moderate amount mixing of the contents of the 




 Once it was determined that a quiescent environment with low turbulence was required, 
125 mL flasks were used to culture the initial algae seed.  No air was diffused into the flasks, 
requiring CO2 to passively equilibrate across the air/water interface.  This method proved 
successful for all four of the initial types of filamentous green algae.  Figure 4.1 shows a healthy 
strain of Ulothrix sp. using the quiescent flask method.  Healthy strains of algae would grow to 
the extent of covering the entire bottom of the flask, but would not grow substantially upwards, 
resulting in a maximum density related to the plan view surface area.  The culture was then 
transferred to a larger flask, commonly 250 mL, to reestablish and further propagate.  This 
process was repeated until the bottom of a 1 L flask was covered with algae.  It is worth noting 
that if the algae was transferred to a larger environment too quickly, such as when moving from 
125 mL to 1 L, the algae would cease development and would slowly die.  This is perhaps 
attributed to a minimum density of algae required which would be necessary for sexual 
reproduction between different filaments.  It is again worth noting that due to the high tensile 
strength and interwoven nature of the filaments, uniform samples for chloraphyll-a analysis 
could not be collected.  This resulted in no definitive measurements of filamentous algae density 
in this phase of the study. 
 
Figure 4.1 Filamentous Algae Growing in a Flask 
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 During the course of this study, very little success was had growing algae in plastic 
containers.  Initially, new colonies of algae would form randomly along the bottom of the 
container while the main culture would slowly grow outward.  Eventually however, green spots 
would appear of the walls of the container, an indicator the culture was about to decline.  These 
spots would turn brown and ultimately, the new filaments would begin to turn brown followed 
by the main colony as shown in Figures 4.2 and 4.3.  It is possible that the plastic container holds 
a static charge which attracts the free floating daughter cells and zoospores, preventing the 
development of new cells.  Carolina Biological Supply Co. uses glass containers for their 
cultures and has no experience with culturing in plastic (Bottorff, 2016); they could neither 
support nor deny the theory of static charges effecting cell growth.  Towards the end of the 
study, a strain of Mougeotia sp. was successfully grown in a plastic container. 
 
Figure 4.2 Filamentous Algae Decay in a Plastic Container 
 In the temperature control room where the algae cultures were grown, there was a large 
amount of air mixing to maintain temperature homogeneity in the room.  This resulted in higher 
evaporation rates than in still air.  Initially, the evaporative losses in the cultures were replaced 
with growth medium, however it was discovered that the cultures would rapidly decline.  This 
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was attributed to the increasing concentration of nutrient salts in the water.  Once this was 
realized, evaporated water was replaced with laboratory deionized water, resulting in much 
longer culture lifetimes.  Growth medium was added occasionally to long term cultures to add 
nutrients that were lost due to algae metabolic processes.   
 
Figure 4.3 Scum Caused by Decaying Filamentous Algae in a Plastic Container 
 
Further efforts to extend the lifetime of filamentous algae cultures included the removal 
of old water which was assumed to contain high levels of algae waste and by products.  This led 
to the development of a slow flow-through container, detailed in Figures 3.4 and 3.5, that was 
used in conjunction with unaltered surface water.  This container was designed to mimic the 
surface water moving at a slow rate that the locally harvested algae was accustomed to growing 
in.  Two local specimen were collect from a nearby stream and seeded in the same container.  
One culture was identified as the yellow-green algae Vaucheria sp. by Baker (2016) and the 




Figure 4.4 Vaucheria sp. Growing in Flow-Through Container 
 
 
Figure 4.5 Unidentified Local Filamentous Algae 
 
 The Vaucheria sp. culture instantly adapted to the conditions of the flow-through 
container and readily grew.  Vaucheria sp. filaments grew towards the fluorescent lights and the 
reproductive gametangia were visible on the filaments as can be seen in Figure 4.6. 
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 Structurally, the two locally harvest algae were very different.  The harvested Vaucheria 
sp. was in the form of a tough and felt-like mat that was very difficult to pull apart.  Coupled 
with the health of the culture in the laboratory environment, the filaments of the algae proved to 
be very robust and structurally strong.  Conversely, the unidentified filamentous algae was thin 
and wispy with very little structure or support.  The importance of this become apparent when 
organic material from the river water started to accumulate on the filaments of the algae.  The 
unidentified algae, with its much weaker structure, quickly became weighted down and started to 
compress and form a dense layer as can be seen in Figure 4.7.  This is the common description of 
filter-clogging filamentous algae.  Vaucheria sp., on the other hand, with its strong filaments, 
easily supported the added weight of the organic matter, Figure 4.8.  This result showed that 
Vaucheria sp. is possibly a good candidate for filter augmentation because it has the surface area 
to capture potential contaminants and the strength to maintain the necessary porosity. 
 





Figure 4.7 Unidentified Algae Compressed Under the Weight of Organic Material 
 
 
Figure 4.8 Vaucheria sp. Loaded with Organic Material 
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 Gently shaking the filaments of the Vaucheria sp. allowed the organic matter to slough 
off without disrupting the holdfasts of the colony.  This could be useful in cleaning and re-
exposing the sorption sites on the filaments.  An attempt was also made to trim the filaments 
using scissors to remove the contaminated algae.  The cut filaments were easily removed and the 
remaining algae quickly propagated to fill the void.  Thus both vibration and trimming could 
prove to be useful methods to clean the algae in-situ on a GRF.  
 One unanticipated realization with using locally collected algae cultures is the 
introduction of outside organisms such as bacteria, protists, and snails.  These organisms 
flourished in the laboratory setting perhaps even greater than the Vaucheria sp. did; an example 
of the external organisms can be seen in Figure 4.9.  Cross contamination with outside algae and 
the development of molds is also a very real possibility when moving any culture into a 
controlled laboratory.  Outside macro-invertebrates, such as snails, may potentially clean a filter, 
as can be seen in Figure 4.10, which could be useful in certain settings. 
 





Figure 4.10 Filter 1 (Left) Contains Vaucheria sp. and Subsequently Snails, Filter 2 (Right) 
Contains No Algae, and No Snails 
 
 When transferring algae from one container to another by gently pouring the algae out of 
the first container, the algae must establish new holdfasts to anchor to the surrounding surfaces.  
This can result in reduced transfer efficiency as the algae take longer to establish, if 
establishment occurs at all.  If the colony cannot develop sufficient holdfasts, the algae will 
begin to float, dry out, and decay.  Methods to more effectively transfer the algae from one 
container to another were tested.  These experimental methods included growing a small culture 
of algae on gravel, stone, and plastic mesh, and then moving the object to a new container, 
shown in Figures 4.11 and 4.12.  All three methods proved useful, allowing the algae to be 
moved without breaking the holdfast, Figure 4.13.   
 While all of the methods tested were a success, gravel proved to be problematic because 
intertwined filaments were attached to different pieces of gravel.  This required all of the gravel 
to be moved in unison to prevent breaking of the filaments, a difficult task.  This problem was 
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apparent with the stone experiment as well, but to a lesser extent.  Growing the algae on a single 
piece of mess was very effective, this is very apparent in Figure 4.14.  The algae grew in and 
around the mesh, becoming interwoven together, allowing for a simple transfer.  This method 
could be expanded to large scale transfer of filamentous algae from one location to another.  
 
 
Figure 4.11 Transfer Experiments with Gravel (Left) and Stone (Right) 
 
 




Figure 4.13 New Filamentous Growth on Stone after Transfer 
 
Figure 4.14 Transfer of Filamentous Algae with Mesh Feature 
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4.1.2 Suspended Algae 
 Initially, a setup with plastic containers and large air diffusers stones was used as shown 
in Figure 3.3.  This setup did not provide enough mixing to adequately keep the algae suspended 
and small spots of algae deposits started to appear on the bottom of the container.  A second 
attempt was made with gas washing bottles and flasks.  These bottles, shown in Figure 4.15, 
have a shape that ensures thorough mixing throughout the container.  Dr. Leland Jahnke, 
University of New Hampshire, Department of Biological Sciences, uses a similar setup in his 
laboratory for culturing suspended algae (2015). 
 
Figure 4.15 Gas Washing Bottles and Flasks for Culturing Suspended Algae in a Constant 
Temperature Room 
 
 The gas washing bottles and GTk growth medium performed extremely well for culturing 
the two types of suspended algae in the study.  These containers allowed for thorough mixing 
and resulted in very little sedimentation of algae.  However, because so much air was diffused 
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into the solution, large evaporative losses occurred.  These losses could be as high as 20% of the 
total volume each day.  This required the addition of deionized water at the start of each morning 
to try to maintain a fairly consistent volume for the algae to propagate in.  The suspended algae 
could be harvested and only a small portion, 10-20% of the volume, would be required to reseed 
the bottle.  Chlorella sp. was harvested and reseeded with fresh nutrients weekly at a dilution of 
1:10.  Scenedesmus sp. was harvested and reseeded with fresh nutrients weekly at a dilution of 
1:5.  This process maintained a consistent concentration of cells in the culture at the end of each 
week.  Periodically, the glass containers would need to be rinsed or scrubbed to remove the 
residual algae that had deposited on the walls. 
 
Figure 4.16 Collapsed Colony of Chlorella sp.  
 
During the course of the study, three cultures of Chlorella sp. collapsed, both literally and 
metaphorically.  As seen in Figures 4.16 and 4.17, the algae autoflocculated, or flocculated 
without the addition of a coagulant, and settled to the bottom of the container, resulting in the 
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inevitable decline of the colony.  This is attributed to a mutation during the growth of the culture 
and has been documented in certain strains of Scenedesmus obliquus by Guo et al. (2013).  The 
Chlorella sp. formed densely packed flocs and settled despite the large volume of air pushing 




Figure 4.17 Microscope View (100x) of Algae from Collapsed Colony, Scale is 5 μm 
 
 Problems with cross contamination did occur during the use of the gas washing bottles.  
Over time, the light-green shade of the Scenedesmus sp. colonies gradually turned into a dark 
green, and upon inspection of the culture under a microscope, it became apparent that Chlorella 
sp. had entered the colony and was significantly outcompeting the Scenedesmus sp, Figure 4.18.  
This occurred multiple times during the study even after safeguards were put in place such as 
separate nutrients containers, cotton placed in the air vents of the bottles, and reduced time with 
the bottle open during water makeup.  To alleviate this issue, only Scenedesmus sp. was grown 
for a period, and even then, Chlorella sp. appeared in the culture.  Carolina Biological Supply 
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Co. ensured their cultures were pure monocultures (Bottorff, 2016), signifying how difficult it 
was to maintain a long term monoculture in a setting where multiple types of algae were present.  
Only short term cultures, recently purchased from Carolina, were used for experimentation after 
the cross contamination was discovered.  
 
Figure 4.18 Microscope View (100x) of Flocculated Chlorella sp. Contamination in 
Scenedesmus sp. Culture 
 
 To scale up the amount of Scenedesmus sp. available for the pilot HRF study, a setup 
using 25 liter, clear plastic carboys was constructed, seen in Figure 4.19.  The large air diffusor 
stones first used in the original setup were positioned in the bottom of each carboy.  This design 




Figure 4.19 Clear 6.5 Gallon Plastic Carboys Growing Scenedesmus sp. 
 
 After 6 weeks, algae started to adhere to the walls of the carboys closest to the grow 
lights, Fig. 4.20.  The buildup was scrubbed off with disposable paper towels each week during 
the harvest of the colony.  Scrubbing maintained the extent to which the algae would grow on the 
wall of the carboy, but did not eliminate the formation of deposits.  Upon inspection of the 
cultures under a microscope, the samples contained Scenedesmus sp., Chlorella sp., and what 
appears to be Pseudoanabaena sp., a cyanobacteria, seen in Figure 4.21.  The foreign filaments 
have the size, color, morphology, and gliding motion (Hoiczyk, 2000) attributed to 
Pseudoanabaena sp.  This bacteria produces toxins and should be handled with care (Hitzfeld et 
al., 2000).  This incident showed the dangers of adding algae to the drinking water treatment 
process without consistently monitoring the culture to verify the correct type of algae is being 
grown and dosed.  Following the detection of the cyanobacteria, all of the Scenedesmus sp. 
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carboys were emptied and soaked over the weekend in a bleach solution to destroy any 
remaining cells. 
 
Figure 4.20 Buildup of Algae on Carboy Wall 
 
Figure 4.21 Microscope View (100x) of Chlorella sp. and Cyanobacteria Contamination 
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 Culturing algae proved to be very challenging at times.  After refining the methods, best 
practices were established for both suspended and filamentous algae.  Table 4.1 lists some of 
those conclusions.  Filamentous algae required quiescent water and grew relatively slowly.  A 1L 
flask could be covered with algae in 2-4 weeks.  Suspended algae on the other hand, grew 
rapidly, 5-10x, over the course of a week.  This type of algae required large amounts of air to 
continuously mix the culture.  The possibility of contamination from outside sources is very 
apparent with algae enumeration, and cultures should be monitored appropriately. 
Table 4.1 Summary of Optimal Growing Conditions for Algae Used during this Research 
 Mixing Nutrients Maximum 
Density 
Suspended Algae High GTk Inorganic Media ~ 1 week 






4.2 Filamentous Algae Enhancement Study 
 Challenges were encountered with seeding and culturing filamentous algae on top of a 
pilot-scale GRF.  An E. coli challenge was performed, however erratic reported samples values 
led to questionable results.  Alternative experiments using an oscillating platform shaker proved 
effective in test the theory that filamentous algae can remove suspended particles from water. 
4.2.1 Downflow Gravel Roughing Filter Study 
 The purpose of this study was to test the filtration enhancing properties of filamentous 
algae growing on the surface of the filter bed.  The four types of green algae, listed in Table 4.2, 
were seeded onto four separate downflow gravel roughing filters, Figure 4.22.  A fifth filter acted 
as a control and was covered as to prevent light exposure and limit cell growth.  The algae was 
poured from the initial container into the filter where the water sat stagnant.  The groundwater, 
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lacking sufficient nutrients to culture algae, was spiked with GTk growth medium.  Algae 
establishment and propagation from the initial seed occurred at different rates for the different 
types of algae.  This required extra time to be given prior to the filter challenge in an effort to 
allow the slower developing algae to form.  This resulted in the decline of some of the faster 
developing algae, specifically Oedogonium sp. and Ulothrix sp.  The maximum density of 




Figure 4.22 Initial Seeding of Oedogonium sp. (Left) and Ulothrix sp. (Right) in Vertical-
Downflow GRF 
 
Table 4.2 Filter Amendments 
Filter Number Amendment 
Filter 1 Oedogonium sp. 
Filter 2 Ulothrix sp. 
Filter 3 Spirogyra sp. 
Filter 4 Mougeotia sp. 





 An E. coli challenge was performed to test the removal efficiency of the algae amended 
filters compared to the control filter without algae.  Figure 4.24 shows the challenge of the pilot 
GRF.  The challenge was designed to feed 2000 CFU/100 mL of E. coli over the course of 7 bed 
volumes; roughly 49 L per filter or 81 minutes.  The filters operated at 575 mL/min, 
corresponding to a loading rate of roughly 0.5 m/hr.  Five effluent samples were collected from 
each filter during the feed of E. coli, and 2 samples were collected 2 and 4 hours after the dosing 
of E. coli had ended to monitor for bacteria sloughing.  Water quality parameters that did not 
change during the course of the challenge are listed in Table 4.3 
 
 






Figure 4.24 Filamentous Algae Amended Downflow GRF – E. coli Challenge 
Table 4.3 Pilot-Scale GRF Challenge Constant Water Quality Parameters 
Water Quality Parameter Reading 
pH 8.2 




Hardness 53 mg/L 
Alkalinity 10 mg/L 
Conductivity 875 μS/cm 
Dissolved Oxygen 5.6 mg/L 





Figure 4.25 Grid Used to Measure Algae Coverage 
 
 Algae assessment required a two-fold approach, namely an estimate of coverage using a 
mesh grid and a chlorophyll-a extraction process detailed in Section 3.5.1.  The mesh, which can 
be seen in Figure 4.25, was used to estimate both the percent of the filters covered by algae and 
the percent of visibly healthy algae, the area covered by algae that had a bright green appearance.  
The grid was also used for determination of sample locations of chlorophyll-a analysis.  The 
average readings of the seven randomly collected chlorophyll samples taken from each filter, as 
well as the standard deviations and percent relative standard deviation are listed in Table 4.4. 
Table 4.4 Algae Coverage and Chlorophyll-a Data 












Filter 1 (Oedogonium sp.) 100 15 70 24 34 
Filter 2 (Ulothrix sp.) 100 35 110 97 86 
Filter 3 (Spirogyra sp.) 100 5 91 45 50 
Filter 4 (Mougeotia sp.) 100 15 75 18 24 
Filter 5 (Control) 0 0 3.3 4.0 120 
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 While the algae was covering the entirety of the filter surface, the algae was unhealthy, 
most likely caused by either imperfect growing conditions such as with Spirogyra sp. and 
Mougeotia sp. or because the algae had grown rapidly and was in the decay stage as with 
Oedogonium sp. and Ulothrix sp.  The chlorophyll-a values would be expected to be significantly 
higher with a healthy algae population.  The high standard deviations and %RSDs associated 
with the chlorophyll-a samples can be attributed to the highly non-uniform coverage of algae on 
top of the filter.  During the decay of an algal population, the portion that remains healthiest the 
longest is around the densest colonies, exaggerating the spotting effect of high chlorophyll-a 
values seen during sampling. 
 
Figure 4.26 Effluent E. coli Concentrations during Filamentous Algae D-GRF Experiment 
 
 E. coli samples were taken at the filter effluents and are shown in the Figure 4.26.  The 
algae augmented filters typically have effluent concentrations lower than the control filter, 
however, only Filter 3, the filter that contained the algae Spirogyra sp., was statistically different 
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from the control filter at a confidence of 95%.  Problems with sampling became apparent when 
analyzing the influent samples.  Influent concentrations were only recorded at the end of the 
challenge to verify concentrations over the course of the challenge.  10 samples were collected 
and ranged from 1733 CFU/100 mL to 364 CFU/100 mL.  The average influent E. coli 
concentration was 1042 CFU/100 mL, the standard deviation was 350 CFU/100 mL and the 
percent relative standard deviation was 33.6%.  The influent concentration was designed to be 
2000 CFU/100 mL showing how distant the samples were from the designed values.  The 
variabilities in the sample readings is associated with poor sample collection and handling.    
 After the samples from the E. coli challenge were analyzed, the filter media was 
removed, cleaned to remove old algae, autoclaved and reset with a new algae seed.  The plastic 
container, which could not be autoclaved, was sprayed with 70% EtOH solution.  Unfortunately, 
the filamentous algae did not readily grow of the filter, which resulted in numerous attempts at 
seeding and subsequent filter cleaning.  This meant the E. coli challenge could not be 
reattempted with the pilot-scale filters. 
4.2.2 Filamentous Algae Adsorption Experiment 
To further test the filamentous algae, a batch experiment was performed using an 
oscillating platform table.  Filamentous algae was added to glass flasks with water containing 
ionic strength from magnesium or sodium and 2400 CFU/100 mL of E. coli.  Testing of the 
various compositions of ionic strength was for concurrent work being performed at the 
University of New Hampshire.  Oedogonium sp. performed very well in removing E. coli from 
the water, while Ulothrix sp. did not remove any E. coli as can be seen in Figure 4.27.  With the 
amount of data collected from this study, only Oedogonium sp. was statistically significant from 
the control flask at 95% confidence.  Little difference was seen between Mg and Na ionic 
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strengths; nothing significant at a confidence limit of 95%.  Table 4.5 shows the total 
chlorophyll-a values for all of the algae used in each flask, as well as the ratio of chlorophyll-a to 
E. coli removed. 
 
Figure 4.27 Filamentous Algae Adsorption Experiment E. coli Results 
 






Mougeotia – Mg 360 0.21 
Mougeotia – Na 360 0.12 
Oedogonium – Mg 280 0.06 
Oedogonium – Na 260 0.05 
Spirogyra – Mg 99 0.06 
Spirogyra – Na 95 0.07 
Ulothrix – Mg 570 9500 
Ulothrix – Na 670 11000 
 From the chlorophyll-a/E. coli removed ratios, it is apparent that Oedogonium sp. and 
Spirogyra sp. performed in a similar manner.  This can most likely be attributed to the sorption 
properties of the mucilage of the algae; Spirogyra sp. is known for its extensive mucilage layer 
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(Graham and Wilcox, 2000).  One disadvantage noted during this experiment was the mixing 
ability of the filamentous algae.  Ulothrix sp. is a very strong and dense algae and tended to stay 
clumped up during mixing while the other three algae were ripped apart and mixed well with the 
solution.  This lack of mixing could be the reason almost no E. coli was removed in the Ulothrix 
sp. containers. 
4.2.3 Further Studies with Filamentous Algae 
 Zeolite crystals, a mineral with high nitrogen adsorption capacities, was added to two of 
the downflow gravel roughing filters to aid in algae propagation, shown in Figure 4.28.  Ulothrix 
sp. and Oedogonium sp. were chosen to be grown on both gravel and zeolite amended filters due 
to the ease of growth and results from the batch experiment, respectively.  Algae initially grew 
well on both surfaces however quickly declined after the initial attachment and growth.  Similar 
to the results from the laboratory study, this could be due to a minimum density requirement to 
promote healthy reproduction that was not met or because of some electrostatic attraction with 
the plastic walls of the pilot filters.  Seeding and cultivation on the filter bed was attempted with 
different nutrients and moving and still water with limited success. 
 




 An algae mat of Vaucheria sp. was harvested from a local stream after success growing 
this type of algae in a laboratory environment, Fig. 4.29.  The D-GRF filter setup was moved to 
run on surface water from the Lamprey and Oyster Rivers and the algae cultures were seeded on 
top of the filters.  To prevent floating, air bubbles had to be removed and a few pieces of gravel 
were dropped onto the algae mat to hold it down while the holdfasts were established, visible in 
Fig. 4.30.  The algae grew at a healthy rate comparable to the laboratory growth rate, but quickly 
built up a coating of organic material and bacteria, reducing the rate of photosynthesis and the 
rate of growth.  The organic coating on the algae surface can be seen in Figure 4.31.  Based on 
evidence of mechanical organic matter removal and algae trimming, this would not be an issue 
for algae propagation if properly maintained. 
 
Figure 4.29 Vaucheria sp. Mat Collected from Local Stream 
 Filamentous algae was difficult to grow in both a laboratory setting and on top of a 
roughing filter.  The results from the E. coli challenge administered during this study was 
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inconclusive, however the results from the oscillating platform shaker experiment were positive.  
Certain types of algae, namely Oedogonium sp., removed large amounts of suspended E. coli 
from water, showing the theory of algae enhanced filtration may have merit.  Buildup of organic 
matter along the outside of the algae cells can be easily removed through mechanical means.  
Growing filamentous algae on the surface of a filter may be the most practical long term solution 
to algae enhanced filtration due to the availability of light and nutrients on the surface of the 
filter bed, reduce algae decay. 
 
Figure 4.30 Vaucheria sp. on Filter Bed, Held Down with Gravel 
 
 
Figure 4.31 Vaucheria sp. Mat Covered in Organic Material 
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4.3 Coated Media Batch Study 
The goal of the coated media study was to test and evaluate how various algae coatings 
on gravel would perform compared to uncoated gravel.  Upon ripening the first gravel columns 
with Chlorella sp. or Scenedesmus sp., it became apparent the filter media was too coarse and the 
algae was too small for effective removal from solution.  It was for this reason that a binding 
agent, coagulant or otherwise, was needed.  All column studies were conducted at a loading rate 
of 0.5 m/hr. 
4.3.1 Challenges with NOM 
Initially, 18 challenges with surface water were conducted to test if the algae coated 
media had any adsorptive properties with NOM.  Total and Dissolved Organic Carbon were used 
to evaluate the organics in the influent and effluent concentrations.  The first six challenges 
conducted used shredded Ulothrix sp. with the binding agents FeCl3 (4 mg/L), kaolinite clay 
slurry (250 mg/L), and dissolved magnesium (4 mg/L).  Some flocculation of algae cells is 
visible in Fig. 4.32.  Low doses of coating consisted of recirculating periods of 2 bed volumes 
and high doses consisted of recirculating periods of 5 bed volumes.  Ferric chloride readily 
flocculated the algae while the clay slurry and magnesium worked to a lesser extent.  The 
filamentous algae that had been mixed in a blender was reduced to smaller, but still visable, 
filament lengths, a microscope photograph is shown in Figure 4.33.  This relatively large size 
resulted in high levels of algae deposition on the surface of the media bed and very little 
deposition within the depth of the filter. 
 After successfully depositing algae onto the filter medium, Fig. 4.34, surface water was 
run through the filter for a total of 7 bed volumes each to test for enhanced filter performance.  
pH and conductivity remained fairly constant during the challenge at 6.1-6.5 and 180-189 μS/cm 
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respectively.  Effluent turbidity saw a large reading in both of the columns that used clay as the 
binding agent, Fig. 4.35.  This shows that algae/clay aglomeration is not perfect and the filter 
should be run to waste until a more steady state effluent turbidity is achieved. 
   
Figure 4.32 Flasks Containing Shredded Ulothrix sp. and Binding Agent Prior to 









Figure 4.34 Deposition of Algae on Surface of Media Bed after Ripening Period; From Left 
to Right, Dissolved Magnesium, Clay Slurry, FeCl3 
 
 Samples were collected from the flasks before and after filter ripening and analyzed for 
chlorophyll-a concentration.  Calculations comparing the initial and final concentrations of 
chlorophyll-a in the flask were used to estimate the removal efficiency and the total amount of 
algae deposited within the filter.  Chlorophyll-a analysis is less effective for shredded algae due 
to the release of chlorophyll during the mixing process which is lost during sample decantation 
but possibly adhered to the filter media.  The numbers reported below in Table 4.6 should be 
considered as approximates as they only represent chlorophyll-a still inside a cell after the algae 













13 μg/cm2 Chlorophyll-a 
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Table 4.6 Chlorophyll-a Data from NOM Challenge Using Media Coated with Ulothrix sp. 
and Binding Agents 





Column 1 – Low Mg 51 12 
Column 2 – Low Clay 58 13 
Column 3 – Low FeCl3 39 6.4 
Column 4 – High Mg 78 19 
Column 5 – High Clay 94 24 
Column 6 – High FeCl3 78 14 
 
 
Figure 4.35 Measured Turbidity During NOM Challenges using Ulothrix sp. and Binding 
Agents 
 
 Total organic carbon results are shown in Figure 4.36.  All removals of TOC are less than 
10% and quickly lessen from there.  Columns that used ferric chloride as the binding agent 
performed better than the other columns, but quickly approached the TOC values seen in the 
non-FeCl3 coated media columns.  At no point did effluent TOC values exceed the influent TOC 
values, signifying there was no major sloughing of organic matter caused by the addition of algae 
or algae byproducts.  None of the columns were significantly different from the clean gravel 




Figure 4.36 Measured TOC Concentrations during NOM Challenge using Ulothrix sp. and 
Binding Agent 
 
 Following the column runs with shredded filamentous Ulothrix sp., runs were performed 
in a similar manner except intact Chlorella sp. was used.  Chlorella sp. is much smaller than the 
other types of algae used in these experiments and also required a binding agent.  Similar to the 
previous runs, pH remained stable between 6.3-6.5, conductivity between 200-205 μS/cm, and 
turbidity had an identical pattern with clay ripened columns initially having a value over 4 NTU 
before dropping to the level of the effluent water of the other columns, around 2 NTU.  The 
figures below, 4.37 through 4.39, show the difference between the long and short ripening 
periods of 2 bed volumes (left) and 5 bed volumes (right).  From the pictures it is apparent the 








Figure 4.37 Flasks Post-Ripening with Chlorella sp. and Clay Slurry; Low Ripening Period 





Figure 4.38 Flasks Post-Ripening with Chlorella sp. and Ferric Chloride; Low Ripening 





Figure 4.39 Flasks Post-Ripening with Chlorella sp. and Dissolved Magnesium; Low 
Ripening Period (Left), High Ripening Period (Right) 
 
 Chlorophyll samples collected at the start and end of the recirculating period were 
collected and analyzed.  Results are listed in Table 4.7.  Clay slurry and ferric chloride solutions 
had nearly identical algae removal efficiencies for the doses used; dissolved magnesium had 
little effect.  Limited amounts of algal sloughing occurred on the magnesium and clay-based 
columns; no sloughing occurred on the ferric chloride columns. 
Table 4.7 Chlorophyll-a Data from NOM Challenge Using Media Coated with Chlorella sp. 
and Binding Agents 




Column 1 – Low Mg 20 21 
Column 2 – Low Clay 56 59 
Column 3 – Low FeCl3 59 59 
Column 4 – High Mg 33 36 
Column 5 – High Clay 75 79 
Column 6 – High FeCl3 75 79 
 
 TOC concentrations measured during the challenge gave similar results, Fig. 4.40, to the 
challenge with Ulothrix sp.  Columns ripened with algae and ferric chloride in both low and high 
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doses had the highest removals of TOC at nearly 12%, with clay and dissolved magnesium 
columns being less effective.  All effluent values quickly approached the influent concentration.  
None of the columns had significantly different TOC removals than the clean gravel control 
column tested at a different time. 
 
Figure 4.40 Measured TOC Concentrations during Challenge Runs using Media Coated 
with Chlorella sp. and Binding Agent 
 
A group of six control filters were challenged to establish a baseline for TOC removal.  
The solutions used to ripen the column setup is described in Table 4.8.  All columns were 
ripened with solution for 5 bed volumes.  pH remained stable around 6.3-6.5 and conductivity 
hovered between 200-205 μS/cm.  The turbidity results are unremarkable with the exception of 
column 3, the column ripened with clay slurry.  Turbidity increased over time in the effluent 
water, as seen in Figure 4.41, suggesting the clay used to ripen the media was sloughing off.  
This was not apparent with the columns that were ripened with clay and algae, suggesting a 
mutually beneficial relationship between algae and clay with regards to aggregate stability within 
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a filter.  Avnimelech et al. has shown that algae and clay, when mixed together, had a reduced 
settling time compared to the individual constituents (1982). 
Table 4.8 Various Ripening Solution Agents for NOM Challenge Baselines 
Filter Column Algae Binding Agent 
Column 1 None None 
Column 2 None Dissolved Magnesium, 4 mg/L 
Column 3 None Clay Slurry, 250 mg/L 
Column 4 None Ferric Chloride, 4 mg/L 
Column 5 Chlorella sp. None 
Column 6 Ulothrix sp. None 
 
 






Figure 4.42 Media Coated with Chlorella sp. after Ripening Period 
 
 
Figure 4.43 Media Coated with Ulothrix sp. after Ripening Period 
 
 Chlorophyll-a values for the Chlorella sp. column are shown in Table 4.9.  Visibly there 
was no Chlorella sp. deposited on the surface of the media, Figure 4.42.  One theory would be 
that degradation of the cells occurs as the cells move through the filter media.  This could result 
in higher than actual calculated chlorophyll-a deposits.  Another theory is that more algae is 
Chlorella sp. 
No Binding Agent 
47 μg/cm2 Chlorophyll-a 
Ulothrix sp. 
No Binding Agent 
14 μg/cm2 Chlorophyll-a 
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depositing within the filter depth due to the smaller effective size of the cells without the 
coagulant.  Ulothrix sp. deposits can be seen on the surface of the filter media, Fig. 4.43, 
however the removal efficiency is high while the deposited amount, relative to the other Ulothrix 
sp. runs, is small.  Again, shredded algae chlorophyll-a values should be regarded subjectively as 
the process does not account for suspended matter outside of the cell wall. 
 TOC values were similar in magnitude to the values from columns ripened with both 
algae and a binding agent.  Similarly, the column ripened with ferric chloride performed the best 
at removing TOC, Fig. 4.44, signifying that the previous advantages with algae and ferric 
chloride coatings can likely be attributed to the ferric chloride and not the algae.  This is logical 
as ferric chloride is currently used in the industry as a coagulant.  None of the gravels columns 
were significantly different from the clean gravel control column. 
Table 4.4 Chlorophyll-a Values for NOM Challenge Control Filter Columns 




Column 5- Chlorella sp. 34 47 
Column 6 – Ulothrix sp. 92 14 
 
 
Figure 4.44 Measured TOC Concentrations for NOM Challenge with Baseline Coated 
Media Filter Columns 
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4.3.2 Challenges with Kaolinite Clay 
 
 Challenges were conducted with turbidity from kaolinite clay in lab deionized water; 
media coatings were grouped together by the type of binding agent.  The first set of columns 
were ripened with solutions that contained algae, either Chlorella sp. or Scenedesmus sp., and 18 
mg/L of FeCl3, and were recirculated for 5 bed volumes.  Algae-coated and uncoated gravel 
columns were run simultaneously to give more rapid feedback in terms of baseline performance.  
Ferric chloride readily flocculated the algae in solution and created a porous deposition on the 
surface of the gravel, Figure 4.45.  Very little algae seeped below the surface of the filter media 
during either the ripening or challenge periods of the column runs.  However, holes did form in 
the algae mat, causing a preferential path for the water to flow through, bypassing the algae.   
When added, ferric chloride lowered the pH, Fig. 4.46, of the ripening solutions, 
however, the high pH of the algae solution neutralized the change, resulting in a pH similar to 




Figure 4.45 Deposition of Scenedesmus sp. Flocculated with Ferric Chloride 
Scenedesmus sp. 
FeCl3 




Figure 4.46 Measured pH during Turbidity Challenge with Ferric Chloride as the Binding 
Agent 
 
 With the aid of ferric chloride, Chlorella sp. and Scenedesmus sp. were removed with a 
similar efficiency.  The removal efficiency, shown in Table 4.10, is similar to that noted when a 
comparable ripening solution was used for the NOM challenges.  It is important to note that 
Chlorella sp. has a significantly higher chlorophyll-a concentration per cell than Scenedesmus sp. 
and can achieve higher cell concentrations when grown.  This results in an apples-to-oranges 
comparison when looking at Chlorella sp. and Scenedesmus sp. clay turbidity removal values. 
 Gravel media coated with suspended algae had statistically higher removal efficiencies 
than a control column filled with uncoated media, shown in Figure 4.47.  However, the column 
that was ripened with a solution containing just FeCl3 and no algae performed the best in this 
group statistically.  This suggests the algae is consuming the available ferric chloride in the 
water, reducing the overall effectiveness and desirability of using ferric chloride as a binding 
agent to coat gravel media with algae.  It would simply be more efficient to use ferric chloride 
without the algae. 
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Table 4.10 Chlorophyll-a Values for Algae and Ferric Chloride Coated Media Turbidity 
Challenges 




Column 1- Chlorella sp. 83 460 
Column 2 – Scenedesmus sp. 83 140 
 
 
Figure 4.47 Measured Turbidity Values for Turbidity Challenge with Ferric Chloride 
Binding Agent 
 
 The next group of challenges used 1000 mg/L of kaolinite clay slurry as the binding 
agent in the ripening solution.  Chlorella sp. and Scenedesmus sp. were both successfully 
deposited on the filter media.  Most of the deposition occurred on the surface of the media, 
however substantial amounts of algae were deposited within the first few inches of gravel, and 
this algae is visible in Figures 4.48 and 4.49.  The algae coating appeared visibly denser than the 




Figure 4.48 Top Row: Chlorella sp. Coating Before (Left) and After (Right) Turbidity 
Challenge; Bottom Row: Scenedesmus sp. Coating Before (Left) and After (Right) 
Turbidity Challenge 
 
 During the challenge, pH remained between 7.0-7.1, and conductivity remained between 
630-645 μS/cm.  Algae was deposited at a lower efficiency, Table 4.11, than when ferric chloride 
was used as the binding agent, signifying either weaker flocculation or smaller flocs.  All 
columns resulted in similar turbidity removal, Fig. 4.50, with the exception of the column 
containing Scenedesmus sp. coated gravel; this column had statistically higher removals than the 
others at a confidence of 95%.   
Chlorella sp. 
Clay Slurry 









Figure 4.49 View of Scenedesmus sp. Coating on the Surface of Gravel Media 
 
The higher removals associated with Scenedesmus sp. when compared to Chlorella sp. 
could be attributed to the unique morphology, or shape, of the algae colonies.  The vanes 
protruding from the corners of the coenobium hold the colonies apart from each other, allowing 
for the formation of a porous layer with a high surface area, when colonies accumulate during 
ripening.  Chlorella sp. on the other hand does not have any unique surface characteristics.  Cells 
pack together tightly, forming a layer with low porosity.  This lack of porosity causes 
contaminated water to short circuit around the algae reducing the efficiency of the algae coating.  
Clay particles can be seen in Figure 4.51 adhered to a Scenedesmus sp. colony. 
Table 4.5 Chlorophyll-a Values for Algae and Kaolinite Clay Slurry Coated Media 
Turbidity Challenges 




Column 1- Chlorella sp. 79 540 









Figure 4.51 Microscope View (100x) of Scenedesmus sp. Colony with Clay Particles 
Adhered to Surface, Scale is 50 μm 
 
The following group of challenges used 2000 mg/L of kaolinite clay slurry as the binding 
agent and shredded Ulothrix sp.  Two columns were ripened with different concentrations of 
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Ulothrix sp.; the solution for column 2 had half the volume of algae as column 1.  Most of the 
deposition occurred on the surface of the filter.  Holes developed in the algae layer similar to the 
holes that formed during the algae/FeCl3 runs as can be seen in Fig. 4.52.  These holes, similar to 
holes that develop in SSF, lessen the efficiency of the process by creating a short circuiting 
flowpath.  pH remained stable between 6.5-6.9 and conductivity remained between 660-680 
μS/cm. 
An unverified method to quantify chlorophyll-a concentration in the shredded and 
unshredded portions of the Ulothrix sp. in solution was used.  Chlorophyll-a in the supernatant of 
the sample was read on a spectrophotometer and zeroed against lab water.  This was to test for 
the amount of chlorophyll-a that was lysed from the cells during the mixing process and would 
be removed during the normal EtOH chlorophyll-a extraction process.  The solids in the sample 
were then lysed with ethanol as typically performed during the chlorophyll extraction process.  
Ethanol-based supernatant was measured on a spectrophotometer zeroed against 95% ethanol.  
Results are listed in Table 4.12.  Intact Ulothrix sp. deposition was higher in column 2, even 
though the solution was designed to contain half the volume of Ulothrix sp.  This was attributed 
to the rapid settling of the filaments after the blending process, resulting in a large amount of 
filaments in solution for column 2.  The chlorophyll results seem plausible, with low amounts of 
suspended chlorophyll-a being removed and high levels of intact filaments being deposited.  
However, the process behind measuring the water-based samples is unproved and the results 





Table 4.6 Chlorophyll-a Values for Shredded Ulothrix sp. Coated Media Turbidity 
Challenges 






Column 1 – Ulothrix sp. Water-based portion 15 59 
 Alcohol-based portion 74 470 
Column 2 – Ulothrix sp. Water-based portion 20 40 
 Alcohol-based portion 85 1000 
 
 
Figure 4.52 Deposit of Shredded Filamentous Ulothrix sp. Algae with Clay Binder 
 
 Effluent turbidity levels were reduced through the columns containing coated media at a 
greater efficiency than the uncoated gravel control Fig. 4.53; algae enhanced filter media also 
performed better than the clay-ripened media at removing clay turbidity from water at a 95% 
confidence interval.  The different algae concentrations did not make a difference in the 
performance of the coated media, even though twice the amount of Ulothrix sp. was deposited on 
column 2. 
Shredded Ulothrix sp. 
Clay Slurry 
40 μg/cm2 Chlorophyll-a (supernatant) 






Figure 4.53 Measured Turbidity for Column Runs Containing Ulothrix sp. and Clay Slurry 
 
 Upon cleaning the columns after the challenge was complete, the algae layer remained 
intact when shaken from the column, Figure 4.54.  This illustrates the cohesive properties of 
intact filamentous algae, cell cytoplasm from the lysed cells, and clay particles from both the 
solution binding agent and challenge.  A strong odor came from the organic layer that could be 
described as “decaying plant matter”.  Shredding algae exposes the potentially adhesive 
cytoplasm to the filter media, but also exposes organic compounds contained within the cell that 
are associated with taste and odor problems.  Shredding the algae exacerbated the decomposition 
of algae, highlighting a downside with algae coated media.  Cells that are not deposited at the 
surface of the media will encounter inhospitable conditions with reduced or nonexistent light 
exposure.  For an algae-coating process to have a chance of success, the algae must coat only the 




Figure 4.54 Blended Ulothrix sp. and Clay Layer Removed from Column 
 
 The following set of runs was designed to test Mg(OH)2 as a binding agent.  Four 
solutions were tested in this group of runs.  Two identical flasks contained Scenedesmus sp. and 
175 mg/L of magnesium hydroxide, one flask contained magnesium hydroxide and no algae, and 
one flask contained neither algae nor magnesium.  Mg(OH)2 successfully flocculated the algae, 
allowing for deposition onto the filter.  Large amounts of algae were deposited on the surface of 
the gravel, but large amounts were also deposited in the first three inches of media, Figure 4.55. 
 During the challenge portion of the experiment, pH was measured at >10 in the columns 
that contained the Mg(OH)2 coating.  Mg(OH)2 raised pH in the water to a point where the 
feasibility of full scale implementation is unlikely; addition of acid would be required to lower 
the pH to a safe level.  Conductivity was around 760 μS/cm in the magnesium hydroxide 
enhanced columns and around 660 μS/cm in the control column.  Chlorophyll-a was deposited at 




Figure 4.55 Scenedesmus sp. and Mg(OH)2 Coating (Left) and Mg(OH)2 Coating (Right) 
 
Table 4.7 Chlorophyll-a Values for Scenedesmus sp. and Mg(OH)2 Coated Media 
Challenges 




Column 1 – Scenedesmus sp. 71 20 
Column 2 – Scenedesmus sp. 76 22 
 
 
 Columns containing a Mg(OH)2 coating significantly increased the removals of kaolinite 
clay turbidity when compared to the control filter.  Figure 4.56 shows no difference with addition 
of algae to the ripening solution.  No statistical difference was seen between Mg(OH)2 columns 
and Mg(OH)2/algae columns.  This results in a similar conclusion to the algae and ferric chloride 
runs; the algae coating has no advantage over the binding agent used. 
 In summary, algae coated gravel media showed little removal of NOM, but no addition of 
organic carbon to the water.  Algae and ferric chloride coated media was shown effective at 
removing turbidity from water, however algae did not improve the process compared to coatings 
Scenedesmus sp. 
Mg(OH)2 





without algae.  Algae and clay coatings, particularly with Scenedesmus sp. algae, showed higher 
removals of turbidity and should be further studied.  Algae and Mg(OH)2 coatings were 
extremely effective at removing turbidity from water, however algae played no significant role in 
that process.  Mg(OH)2 coatings drastically increased the pH of the finished water, limiting the 
practicality of the technology. 
 
Figure 4.56 Measured Turbidity Results for Scenedesmus sp. and Mg(OH)2 Ripened Media 
4.4 Horizontal Roughing Filter Field Study 
The goal of the field study was to evaluate the performance and operational 
characteristics of a unique GRF configuration with and without algae enhancements.  Cold water 
temperatures slowed the ripening of the filters, delaying the contaminant challenges.  Both filters 
performed exceptionally during the challenge as described below, but fell short from an 
operations standpoint, also detailed below. 
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4.4.1 Filter Ripening and Operation 
The filters were allowed to ripen for two months to build up a biologically active 
community within the media.  This ripening period occur in late spring, with water temperatures 
gradually rising through the course of the study.  Surface buildup near the weir occurred slowly 
at first, but gradually grew as the temperature increased, shown in Figures 4.57 and 4.58.  The 
geometry of the filter, relatively shallow and wide, also affected the rate of buildup of 
contaminants.  Relatively low flow was spread out over a large surface area.  Flowrates were 
monitored for consistency and pump speeds were adjusted as needed to maintain a hydraulic 
loading rate of 0.5 m/hr.   
As summer approached and water temperatures began to rise, organic matter began to 
rapidly accumulate on the surface of the media.  The weir and forebay area required cleaning to 
reduce the presence of this organic matter and maintain operability of the weir, Fig. 4.59. 
 
 





Figure 4.58 Surface Clogging after Two Months of Ripening 
 
Figure 4.59 Buildup of Contaminants on Weir After 35 Days and Prior to Cleaning 
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 After a series of turbidity challenges to the pilot filters, both filters failed at the collection 
system, shown in Figure 4.60.  The maximum surface clogging extended approximately 15 
inches from the weir, still 45 inches from the end of the filter.  The water height within the filter 
increased shortly before failure of the collection system, leading to a short notice before the filter 
started to fail.  The height of the water gradually increased to the point that all gravel was 
submerged.  Cleaning the buildup on the forebay, weir, and underdrain, resolved the problem and 
allowed for normal flowrates and operation. 
 
Figure 4.60 Failed HRF Pilot Filter 
 
4.4.2 Filter Performance 
 In addition to a turbidity spike challenge, filter performance was monitored during the 
ripening period.  Daily monitoring included flowrates, influent and effluent turbidity, water 
temperature, pH, water height within the filter, and long and short lengths of surface clogging.  A 
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graph containing the daily surface clogging measurements and water temperature is shown in 
Figure 4.61.  No trends were observed regarding the turbidity measurements, however, turbidity 
levels in the raw water were consistently low, <5 NTU, with removal efficiencies ranging 
between 40-60%. 
 Prior to the turbidity spike challenge, filter 2, the experimental filter, was ripened with a 
mixture of kaolinite clay and Scenedesmus sp.  Filter 1, the control filter, was ripened with just 
kaolinite clay prior to the challenge.  Figure 4.62 shows the influent and effluent turbidity 
measurements from the turbidity spike challenge. 
 
Figure 4.61 Buildup of Surface Clogging and Water Temperature during Ripening 
 
 No statistically significant difference was seen at 95% between the filter coated with 
algae and clay versus the filter that was just coated with clay.  No advantage could be concluded 
from adding the algae to the system to form coated media.  What was remarkable was the 
reduction of the turbidity spike shown by both filters.  Influent turbidity levels jumped from 5 to 
106 
 
30 NTU during the challenge, while the effluent turbidity hovered around 2 NTU before, during, 
and after the challenge.  This further supports the notion that a well-ripened gravel roughing 
filter can reduce turbidity surges associated with precipitation events. 
 
Figure 4.62 Pilot HRF Reduction of Turbidity Spike Challenge 
 
 From an operational standpoint, the field-scale HRF performed well.  One advantage of 
this type of filter design, the ability to visibly check the filtration length, was apparent and easily 
measured.  However, there was little notice of the failure of the collection system with the 
exception of 24-48 hours of gradual water level increase within the filter.  From a performance 
standpoint, the HRF performed extremely well, removing approximately 93% of the turbidity 
spiked in during a challenge.  Scenedesmus sp. coating did not aid filter performance in this 
study.  Further experiments using the field-scale HRF are planned to be conducted at the 








The results from the four phases of research conducted during this study suggest algae 
may enhance the performance of gravel roughing filtration under certain conditions.  Difficulties 
growing algae show more refinement of enumeration techniques is necessary for practical 
filamentous algae culturing.  Still water, or water with low levels of turbulence was required for 
propagation.  When seeding a new culture, there appeared to be a minimum density required for 
a filamentous algae culture to remain viable.  Below this level, the algae would not sufficiently 
propagate.  A tank that allowed for low influent and effluent flows, designed to add fresh water 
and remove waste water, was an effective way to culture filamentous algae without having to 
manually replace or exchange water.  To aid the establishment of holdfast cells when seeding 
algae, transferring a medium, such as a mesh, was very useful. When moving filamentous algae 
from one location to another this reduced the breakup of filaments and the destruction of 
specialized anchor cells increasing the likelihood of success transfer.. 
Culturing suspended types of green algae was a quicker process than culturing 
filamentous algae.  Gas washing bottles situated under grow lights performed well for culturing 
small batches of algae due to the ideal amount of mixing throughout the volume of the container 
due to the diffusion of pressurized air.  This setup scaled well to a larger container producing a 
greater volume of algae.  However, due to the high growth rates associated with suspended algae 
in general, keeping a pure monoculture was very difficult.  Cultures required consistent 
monitoring to ensure the proper forms of algae were growing and to prevent the possibility of 
dangerous cyanobacteria from growing. 
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 Difficulties growing filamentous algae were more pronounced when trying to culture the 
algae on the surface of a filter.  This could be related to the minimum density of algae required to 
maintain a culture or to a separate factor such as electrostatic charges associated with the plastic 
walls of the containers used for the pilot filters.  While the E. coli challenge conducted during 
this phase of research showed promise, the results cannot be relied on due to the highly variable 
influent E. coli concentrations.  The study that used filamentous algae in flasks on an oscillating 
platform shaker showed that certain types of algae could significantly reduce the amount of E. 
colie suspended in a water.  This support the idea of algae entrapment of contaminant particles.  
Vaucheria sp. algae grew well in a laboratory setting and performed better than an unidentified 
local filamentous algae when loaded with organic matter, suggesting Vaucheria sp. might 
perform well on a downflow, roughing filter.  A healthy culture of filamentous algae growing on 
the surface of a filter under fluorescent lights show the most promise for reducing the likelihood 
of cell excretion of organic byproducts that are commonly associated with taste and odor 
compounds. 
 Coating gravel filter media with algae cells required the addition of a coagulant, or 
binding agent, for effective cell adhesion.  Coated media did not remove NOM to a considerable 
degree, but also did not increase TOC in the finished water.  This suggests that in a short time 
frame, < 8 hrs, algae will not release a significant amount of organics commonly associated with 
cell decay.  Ferric chloride successfully flocculated algae in solution, however, gravel media 
coated in FeCl3 without algae acting as a control performed better than FeCl3 with algae at 
reducing turbidity.  Filter media coated with Scenedesmus sp. and clay saw increased turbidity 
removals compared to other variants using clay and/or algae.  This suggests the morphology of 
Scenedesmus sp., with spines protruding from the corners of the colony, may play a factor by 
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allowing for the development of a highly porous layer of algae.  Filamentous Ulothrix sp., that 
had been thoroughly mixed in a blender, and clay coated media performed well, but taste and 
odor concerns arose due to the decay of cells within the filter.  Mg(OH)2 performed very well as 
a coagulant and as a media coating, but significantly increased the pH of the finished water, 
leading to full scale viability concerns.  Media coatings containing algae, while advantageous in 
some instances, should be pursued with caution due to the high likelihood of degradation of 
algae within the depth of the filter.  This degradation may lead to taste and odor problems, as 
well as possible increased levels of organics. 
 Creeping failure-style horizontal roughing filters have several advantages for small 
systems including ease of monitoring and ease of cleaning compared to tradition upflow 
roughing filtration.  The field-scale HRF constructed for this research showed a buildup of 
organic matter on the surface of the media, which slowly developed and elongated as time 
progressed.  This surface clogging was easily monitored and could be used to visually establish 
the effective length of the filter.  During a challenge of high turbidity levels, approximately 35 
NTU, the ripened HRF performed well and removed approximately 93% of the influent turbidity 
of the water.  This showed that the HRF reduced the turbidity spike to a point where there was no 
significant difference in effluent water quality during the spike event. 
5.2 Conclusions 
 Growing algae has proven to be a difficult task that can pose potential hazards to 
operators and the community if the culture is not properly monitored and maintained.  




 Culturing filamentous algae on a filter bed was shown to be very difficult in the waters 
used during this research.  However, a living layer of filamentous algae on the surface of 
a filter is the theoretically least likely method of algae enhancement to result in taste and 
odor concerns associated with algal excretions. 
 Coated media was shown to be effective in certain limited situations, namely the use of 
the combination of Scenedesmus sp. and kaolinite clay.  A downside with algae coated 
media is the inevitable decay of algae within the depth of the filter that is not exposed to 
light. 
 A well-ripened horizontal roughing filter was used to reduce a spike in turbidity that 
would normally clog a slow sand filter.  This supports the use of GRF technology as a 
means to reduce particle spikes, however, the field scale filters did not operate for the 
timeframe anticipated before failure of the collection system occurred, preventing further 
study of the operation characteristics of a HRF. 
 At this phase of research, enhancing filtration through the use of algae additions would 
not be recommended.  Culturing algae has proven to be too difficult to be economically 
viable and maintaining a healthy culture of a filter may be too problematic.  Allowing 
algae to “naturally” collect on a filter may be useful, but further study is needed for 
verification. 
5.3 Recommendations 
 More work is necessary to study the cultivation techniques necessary for rapid and 
consistent algae development to lower the costs associated with algae culturing.  Further 




 Filamentous algae has the least likelihood of leaching organic compounds due to the 
availability of light and fresh nutrients on the surface of the filter.  Because of this, 
filamentous algae development on the surface of the filter is the logical next step in algae 
enhanced gravel roughing filtration. 
 Adding suspended algae to a highly turbid influent water may enhance the removals of 
turbidity during heavy turbidity spikes.  Because this algae would degrade within the 
filter, small algae doses would be needed or else the filter would need to be cleaned 
shortly after the addition of algae. 
 Horizontal roughing filtration performed well until growth of unknown organisms in the 
underdrain clogged the system.  Further tests with algae should be conducted to 
determine if algae enhances the properties of the horizontal orientation of the filter. 
 “Bio-friendly” coagulants that can be used in a slow sand filtration-based treatment 
process without accumulating to toxic levels should be investigated.  Mg(OH)2, being 
concurrently researched at the University of New Hampshire, performed well as a 
coagulant and as a binding agent for algae coatings, however, the pH of the finished 
water was raised to a point that high amounts acid addition would be required to lower 
the pH to a normal level for microbial growth in a SSF.  Other alternative coagulants 
such as zero valent iron, which does not accumulate to toxic levels, or pectin, the organic 
material comprising the mucilage coating of algae, should be investigated. 
 A study should be performed to determine if algae enhances the development of other 
microbes within a filter for reasons such as elevated dissolved oxygen, the development 
of grazer organisms, or an increased volume of habitability.  Enhancing the ripening 
process could include the reduced time necessary for microbe development and/or 
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improving the quality of microbes on the filter.  This type of study would require 
organisms identification and counts as well as sample collections at various locations 
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Appendix A – Standard Operating Procedures 
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Standard Operating Procedures 
ALKALINITY 
Principle 
Alkalinity refers to the capability of water to neutralize acid. This is really an expression of 
buffering capacity. 
Apparatus 
a. Titrator apparatus 
b. 250 mL Erlenmeyer flaks 
Reagents and materials 
a. Sulfuric acid titration Cartridge 
b. Graduated cylinder or pipet 
c. Phenolphthalein Indicator Powder Pillow 
d. Bromcresol Green Methyl Red Indicator Powder Pillow 
Method 
1. Samples should be analyzed as soon as possible after collection, but can be stored at least 
24 hours by cooling to 4 ᵒC or below. Warm to room temperature before analyzing. 
2. Select the sample volume and Sulfuric acid (H2SO4) Titration Cartridge corresponding to 
the expected alkalinity concentration as mg/L calcium carbonate (CaCO3) from Table 1. 
  
3. Insert a clean delivery tube into the titration cartridge. Attach the cartridge to the titrator 
body. 
4. Turn the delivery knob to eject a few drops of titrant. Reset the counter to zero and wipe 
the tip. 
5. Use a graduated cylinder or pipet to measure the sample volume from Table 1. Transfer 
the sample into a clean 250-mL Erlenmeyer flask. Dilute to about the 100-mL mark with 
demineralized water, if necessary. 















10-40 100 0.1600 14388-01 0.1 
40-160 25 0.1600 14388-01 0.4 
100-400 100 1.600 14389-01 1.0 
200-800 50 1.600 14389-01 2.0 
500-2000 20 1.600 14389-01 5.0 
1000-4000 10 1.600 14389-01-01 10 
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7. If the solution turns pink, titrate to a colorless end point. Place the delivery tube tip into 
the solution and swirl the flask while titrating with sulfuric acid. Record the number of 
digits required. If the solution is colorless before titrating with sulfuric acid, the 
Phenolphthalein (P) alkalinity is zero; proceed with STEP 8. 
8. Calculate digits required * digit multiplier = mg/L CaCO3 P Alkalinity. 
9. Add the contents of one Bromcresol Green Methyl Red Indicator Powder Pillow to the 
flask and swirl to mix. 
10. Continue the titration with sulfuric acid to a light greenish-blue-gray (pH 5.1), a light 
violet-gray (pH 4.8), or a light pink (pH 4.5) color as required by the sample 
composition; see Table 2. Record the number of digits required. 
Calculations 
Calculate: total digits required * digit multiplier = mg/L CaCO3 Total (T or M) Alkalinity 
Table 2 
Sample Composition End Point 
Alkalinity about 30 mg/L pH 5.1 
Alkalinity about 150 mg/L pH 4.8 
Alkalinity about 500 mg/L pH 4.5 
Cilicates or Phosphates present pH 4.5 
Industrial waste or complex system pH 3.7 
 
Quality Control 
Do duplicates of all readings 
References  




Standard Operating Procedure 
Chromic Acid Wash Stations 
Chemical Name(s) 
Chromic Acid; Chromerge and Sulfuric acid 
Engineering Controls 
 Always use in fume hood and keep in secondary containment. 
Personal Protective Equipment 
 Goggles 
 Face Shield 
 Nitrile gloves with Neoprene gloves over them. Tuck arm sleeves into cuffs of gloves.  
Fold/roll glove cuffs forward to prevent acid from running onto clothing. 
 Rubber apron 
Proper Use 
1. Read MSDS 
 
2. Always add ACID to WATER 
 
3. Rinse dirty glassware at least 3 times with RO water to remove gross contamination and 
minimize acid use. 
 
4. Working in secondary containment, pour a small amount of concentrated chromic acid 
into glassware to be washed.  Swirl and then pour and continue to swirl as it is poured 
(pour-n-swirl) into next glassware to be acid washed.  Repeat until all glassware is coated 
with acid.  When finished, pour the remaining acid from the glassware back into the 
concentrated acid container until the glassware is completely empty (i.e., no more 
dripping coming out). [Note: the concentrated chromic acid is spent when the color turns 
green.] 
 
5. With a wash bottle, spray rinse around the container mouth letting the rinse water flow 
over the inside surface of the container. Pour rinse into a properly labeled (yellow label) 
4L hazardous waste bottle until completely empty (stops dripping). REPEAT 2X. 
Minimize water use. The key to efficient contaminant removal and hazardous waste 
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minimization is multiple rinses using small quantities of water with complete drainage 
between rinses. 
 
6. If gloves or exterior surface of glassware become contaminated with acid or neutralizer, 
rinse with RO wash bottle spray into a beaker. Pour rinse into hazardous waste rinse 
bottle until the beaker is completely empty. 
 
7. Finally, rinse glassware at least 6 times with RO water or 3 times with RO and 3 times 
with better quality water if appropriate. Discharge rinse water to the sink drain. 
 
8. If a spill occurs, cover with neutralizer until reaction stops (excess neutralizer). With 
spatula, scoop the neutralizer into tray and discard into hazardous waste bucket labeled 
“spent chromic acid neutralizer”. Use a yellow hazardous waste label.  Make sure to put 
respective cover securely back on the waste bucket. 
 
9. Wet paper towels and sponges should be used to clean spent neutralizer from hood 
surfaces. Used wipers must be disposed in the hazardous waste bucket labeled spent 
chromic acid neutralizer.  Immediately clean up any acid or spent neutralizer spills to the 
floor using a wet sponge or paper towel and place in hazardous waste bucket labeled 
spent chromic acid neutralizer. 
 
10. Keep areas clean at all times. Contamination is a health and safety hazard and is 
considered a hazardous waste release by the USEPA and State of New Hampshire 
Department of Environmental Services. 
 
First Aid 
1. WATER, WATER, AND MORE WATER 
2. For skin contact – immediately flush contaminated areas for 15 minutes to ensure 
removal 
3. For eye contact – immediately eye wash 15 minutes 
4. For inhalation – fresh air 
5. For ingestion – get medical attention and provide MSDS sheet of chemical swallowed 
6. GET MEDICAL ATTENTION 








A conductivity (specific conductance) measurement quantifies the ability of an aqueous solution 




CORNING, CHECKMATE II meter 
CORNING, CHECKMATE II conductivity/TDS sensor 
 
Reagents and materials 
Conductivity standard (1413 µS/cm) 
Acid washed Erlenmeyer flask 
Small acid washed beaker 
 
Method 
a. Hold the sensor by the module 
b. Align the module with the meter body 
c. Push the module firmly into the meter 
d. Perform a 2 point calibration 
e. Clean the sensor with distilled water and blot dry with a lint-free tissue 
f. Hold the sensor in air and press CAL.  The lower right region of the display will show 
CAL1 and the decimal point in the main display will flash to indicate that the reading is 
in progress. 
g. Wait till the automatic endpoint appears 
h. Clean the sensor with distilled water and blot dry with a lint-free tissue 
i. Place the sensor in the conductivity standard ensuring the solution is above the cell 
chamber slot 
j. Press read to begin a new measurement 
a. Press the MODE button to take TDS readings.  The meter has a preset solids factor of 
0.50 
b. Record the reading 
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Calibrate instrument prior to its use 
Do duplicates of all readings. 
 
References 




Standard Operating Procedures 
DISSOLVED OXYGEN SENSOR 
 
Principle 
Dissolved oxygen (DO) levels in natural and wastewaters depend on the physical, chemical and 
biochemical activities in the water body. The membrane electrode procedure is based on the rate 
of diffusion of molecular oxygen across the membrane. 
 
Apparatus 
a. Corning CHECKMATE II meter and DO probe 
b. 250 mL Erlenmeyer flask 
 
Reagents and materials 
a. Zero dissolved oxygen standard 




1. Fill the membrane cap with electrolyte. Assure that the electrolyte in the membrane cap is free 
from air bubbles. Tap the membrane cap to release air bubbles from the electrolyte if they are 
present. 
2. Hold the sensor vertically and gently screw the membrane cap onto the sensor body until 
finger tight. Excess electrolyte contained in the membrane cap will flow out during this 
operation.  
3. For short term storage, place 1 drop of distilled water into the wetting cap and fit the wetting 
cap onto the sensor tip 
4. For longer term storage, the sensor should be stored dry.  
5. Polish the sensor tip and refill membrane weekly 
 
1 point calibration 
1. Assure that %O2 is shown as the unit of measure in the display. If mg/L is showing on the 
display press MODE. 
2. Place sensor into zero oxygen standard.  
3. Gently swirl the electrode in the buffer and press CAL. 
4. When the CAL button is pressed, cal 1 will appear in the lower right region of the display and 
the cal1 buffer value will appear in the main display area for two seconds before the meter 
actually begins calibration. 
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5. During the 2 second interval, if it is desired to calibrate on air instead of on zero oxygen 
standard then another press of the CAL button will advance the meter to calibrate on cal 2 
(air-100% O2). An additional press of the CAL button will exit the calibration routine.  
6. When the 2 second interval expires, the meter will flash to indicate that the reading is in 
progress. 
7. The reading will endpoint when a stable value is achieved. 
8. If a 2 point calibration is not desired, then press READ to go into measurement mode. 
 
2 point calibration 
1. Place fresh water into a sample container.  
2. Hold the sensor tip approximately 10mm above the surface of the water and press CAL 
3. The meter will calibrate the sensor as described previously for 1 point calibration. 
4. At the conclusion of the calibration press READ to go into measurement mode. 
 
Measurement mode 
1. Place sensor tip into the sample.  
2. Immerse the sensor tip to a depth sufficient to allow the sample to contact the 
measurement element (approximately 40 mm) 
3. Press READ to begin a new measurement. 
4. Constantly stir the sample during the measurement process. Stir at a rate of 
approximately 2 revolutions per second 
5. The reading will automatically endpoint when the meter detects that a stable value has 
been achieved. 
6. After conducting the measurement, rinse the sensor tip with deionized water and blot dry 
with a lint-free tissue 
 
Calculations 
Read mg/L on the meter  
 
Quality Control 
Do duplicates of all readings. 
 
References 





Standard Operating Procedures 
DETECTION OF TOTAL COLIFORMS/E.COLI 
 
Principle 
The IDEXX\ Quanti Tray/2000 provides an easy, rapid, and accurate count of coliforms and E. 
coli. The IDEXX Quanti-Tray/2000 is a semi-automated quantification method based on the 
Standard Methods Most Probable Number (MPN) model. The Quanti-Tray ® Sealer 
automatically distributes the sample/reagent mixture into separate wells. After incubation, the 
number of positive wells is converted to an MPN using a table provided. Quanti-Tray/2000 
counts from one to 2,419/100 mL. 
Apparatus 
a. 100 ml Pyrex vials with lids 
b. Quanti/Tray 2000 
c. Quanti-Tray ® Sealer 
d. Incubator 
e. UV light lamp 
Reagents and materials 
a. Colisure 
b. Sterile water 
Method 
a. Turn sealer on to warm up for 20 minutes. 
b. Pipette 100 mL of sterile water in the Pyrex bottles. 
c. Subtract 10 mL 
d. Add 10 mL of sample from the disposable plastic sampling bags. 
e. Add reagent to sample. 
f. Pour sample/reagent into Quanti-Tray ®/2000  (counts from 1-2,419) 
g. Seal in Quanti-Tray ®Sealer and place in 35 ᵒC incubator. 
h. 24 hours later count positive wells and refer to MPN table. 
i. Read results: 
 Yellow wells = total coliforms 
 Yellow/fluorescent wells = E. coli 
Calculations 
Count large and small wells that have turned Yellow, and magenta under the UV light. Consult 




Run negative controls (sterile water + reagent) and positive controls (sterile water spiked with E. 






Standard Operating Procedures 
HARDNESS TOTAL 
Principle 
Hardness is due to the presence of multivalent ions, which come from minerals dissolved in the 
water. Hardness is based on the ability of these ions to react with soap to form a precipitate. In 
fresh water, the primary ions are calcium and magnesium; however iron and manganese may 
also contribute. Carbonate hardness is equal to alkalinity but a non-carbonate fraction may 
include nitrates and chlorides. 
Apparatus 
a. HACH titrator apparatus 
b. 250 mL Erlenmeyer flask 
Reagents and materials 
a. EDTA Titration Cartridge 
b. Delivery tube tip 
c. Graduated cylinder or pipet 
d. Bugger Solution, Hardness, 1 
e. ManVer 2 Hardness Indicator Powder Pillow 
Method 
1. Collect at least 100 mL of sample in a glass or polyethylene container. Samples may be 
help up to seven days before analysis if stored at 4 ᵒC and acidified to pH 2 with 
concentrated nitric acid. Neutralize acidified sample to pH 7 with ammonium hydroxide 
before testing. 
2. Select a sample size and an EDTA Titration Cartridge corresponding to the expected total 
hardness as calcium carbonates (CaCO3) concentration. Use Table 1 for concentrations in 
















10-40 100 0.08 14364-01 0.1 
40-160 25 0.08 14364-01 0.4 
100-400 100 0.8 14399-01 1.0 
200-800 50 0.8 14399-01 2.0 
500-2000 20 0.8 14399-01 5.0 




3. Insert a clean delivery tube into the titration cartridge. Attach the cartridge to the titrator 
body. 
4. Turn the delivery knob to eject a few drops of titrant. Reset the counter to zero and wipe 
the tip. 
5. Use a graduated cylinder or pipet to measure the sample volume from Table 1 or Table 2. 
Transfer the sample into a clean 250-mL Erlenmeyer flask. Dilute to about the 100-mL 
mark with deionized water, if necessary. 
6. Add 2mL of Buffer Solution, Hardness, 1, and swirl to mix. 
7. Add the contents of one ManVer 2 Hardness Indicator Powder Pillow and swirl to mix. 
8. Place the delivery tube into the solution and swirl the flask while titrating with EDTA 
from red to pure blue. Record the number of digits required. Titrate slowly near the end 
point, because the reaction is slow, especially in cold samples. 
Calculations 
Use one of the following formulas to calculate the final concentration: 
 Digits required * Digit Multiplier (table 1) = mg/L Total Hardness as CaCO3 
 Digits required * Digit Multiplier (table 2) = G.d.h. 
Quality Control 






















1-4 100 0.1428 14960-01 0.01 
4-16 25 0.1428 14960-01 0.04 
10-40 50 0.714 14959-01 0.1 
25-100 20 0.714 14959-01 0.25 








pH indicates the hydrogen ion (positively charged hydrogen atom) concentration of a solution, a 
measure of the solution's acidity. The pH of a solution can be determined directly by measuring 
the electric potential arising at special electrodes immersed in the solution. 
  
Apparatus 
Fisher Scientific, Accumet excel XL50 meter 
Fisher Scientific, Accumet sensor 
 
Reagents and materials 
pH standards (4, 7, 10) 
Acid washed Erlenmeyer flask 
 
Method 
1. Hold the sensor by the module 
2. Align the module with the meter body 
3. Push the module firmly into the meter 
4. Perform a 3 point calibration 
a. Clean the sensor with distilled water and blot dry with a lint-free tissue 
a. Place the sensor in the pH 7 standard ensuring the solution is above the cell chamber 
slot Hold the sensor in the standard and press CAL. The lower right region of the 
display will show CAL1 and the decimal point in the main display will flash to 
indicate that the reading is in progress. 
b. The meter will recognize the standard being used by the range within which the 
readings fall and will display the value of the standard and sow the automatic 
endpoint stability indicator 
d. Wait till the automatic endpoint appears 
e. Clean the sensor with distilled water, blot dry with a lint-free tissue and repeat steps 
a, b, and c for the 4 and 10 standards 
f. Place the sensor in the sample ensuring the sample is above the cell chamber slot 
g. Press read to begin a new measurement 
h. Record the reading 





Calibrate instrument prior to its use 
Do duplicates of all readings. 
 
References 





Standard Operating Procedures 
TOTAL ORGANIC CARBON 
 
Principle 
 Organic carbon is oxidized to carbon dioxide by persulfate in the presence of ultraviolet 
light.  The carbon dioxide produced is measured directly by a non-dispersive infrared analyzer. 
 
Sample Collection and Storage 
 Collect samples in 40-mL amber TOC vials that have been washed with chromic acid and 
combusted at 550 degrees Celcius for 90 minutes to remove all organic matter. 
 Preserve with concentrated H3PO4 to pH < 2. 
 Refrigerate. 
 Holding time: < 2 weeks with acid preservation. 
Equipment 
a. Sievers Model 5310c Lab TOC Analyzer 
b. Aluminum foil 
c. Vials, 40 mL amber glass TOC vials 
 
Reagents 
a. Potassium persulfate solution, 15%.  Shelf life: approximately 90 days. 
b. Potassium acid phthalate (KHP), KHC8H4O8 for standards 
 
Method 
Prepare KHP standards: 
1. Prepare 1000 mg/L stock: dissolve 2.1254 g KHC8H4O8 (dried to constant weight at 103 
degrees Celcius) in RO lab water and dilute to 1000 mL. 











Table 8. Volumes of standard stock and RO lab water diluent to make TOC standards. 
Standard Concentration, 
mg/L 
Volume of 1000 mg/L  
Stock 
Dilute to: 
0.5 1 mL 2 L 
1.0 1 mL 1 L 
2.0 2 mL 1 L 
5.0 5 mL 1 L 
10.0 5 mL 500 mL 
 
a. Start TOC analyzer, autosampler, computer, and printer. 
b. Open TOC analyzer software program. 
c. Fill TOC vials with standards: 1 for each point on the calibration curve and 1 standard of 
random concentration for every 8 samples. 
d. Cover each vial with a small piece of aluminum foil in place of the cap.  Be careful not to 
leave fingerprints on the foil over the vial opening.  Fingerprints will be detected by the 
analyzer as the probe punctures the foil. 
e. Arrange samples and standards.  A typical run has the following sequence: 
 
Table 9. Run order for TOC samples and standards. 
Position Sample or Standard 
1-2 RO blank 
3-7 Standards: one of each, randomized 
8-15 Samples and/or sample duplicates, randomized 
16 Randomly selected standard readback 
{repeat 8 samples and 1 standard until all samples and duplicate have been analyzed} 
{last 3 spots} RO blanks 
 
f. Mount the samples and standards in the autosampler and enter their labels into the 
computer software. 








Table 10.  Acid and oxidation rate settings for standard or sample concentrations. 
Concentration Acid Rate Oxidation Rate 
RO blank 0.5 0.5 
0.5 mg/L standard 0.5 1.0 
All others 1.0 2.0 
 
h. Run the collection program.  The analyzer will take three readings from each sample or 
standard and calculate an average and standard deviation.  
 
Calculations 
a. Calibration Curve: Plot the measured concentrations against the expected standard 
concentrations and fit a calibration curve using linear regression as shown below. 
b. Calculate the sample concentration by substituting the instrument reading (average of 3 
readings for each sample) into the calibration curve equation. 
 
 
Figure 0.1. Sample TOC calibration curve (June 22, 2005). 
 
Quality Control 
 Readbacks: random standard after every 8 samples. 
 Duplicates: analyzed at least 2 duplicate every run. 
Calibration Curve
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 Mercier, David J (1998).  Characterization and treatability of natural organic matter from 
the Croton Reservoir – Pilot Study II.  M.S. Thesis.  Univ. of New Hampshire. 
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Standard Operating Procedures 
Total Chlorophyll  
Procedure 
1. The solvent used for this analysis is 95% Ethyl Alcohol (EtOH) 
2. Centrifuge 10 mL of the non-dilute sample in a 50 mL test tube at 3200 RPM for a 
minimum of 10 minutes until a dark green pellet forms at the bottom of the centrifuge 
tube.  
3. Pipette off 9 mL of the centrate an add 9 mL of 95% EtOH to the concentrate using a 
Type A burette.  
4. Re-suspend the sample by mixing on a Maxi Mixer.  
5. Loosely cap the re-suspended mixture and heat in a water bath at 96-98⁰C for 
approximately 20 minutes.  
6. Add EtOH to the sample until the total sample volume is 10 mL.  
7. Centrifuge the sample at 3200 RPM for 10 minutes to form a pellet in the bottom of the 
centrifuge tube.  Repeat steps 4-7 until there is no green color visually observed in the 
pellet.  
8. Pour the centrate into a 1 cm path length quartz cuvette and analyze at 665 nm and 649 
nm on a Hach DR 5000 spectrophotometer. 
9. Read the sample wavelengths absorbencies according to the manufacturer’s 
specifications and use a blank of 95% EtOH.  
10. Thoroughly rinse the cuvette with 95% EtOH between each sample reading.  
 
Analysis 
1. Total Chlorophyll is determined according to the following equation.  
i. C= 22.24 * Abs649nm + 5.24 * Abs665nm  
Where:  
C= total chlorophyll (µg/ml) 
Abs649nm = Absorbance reading at 649nm  









Turbidity is a measurement of the cloudiness in water and is caused by sediments, which are 
stirred up in the water. The sediments come from eroded and or disturbed soil, which flow with 
runoff into water sources. Algae can also add to the turbidity problem. 
Apparatus 
2100P Portable Turbidimeter HACH 
Reagents and materials 
a) Calibration of the 2100P Portable Turbidimeter is based on formazin. For routine 
verification, Gelex (R) Secondary Standards (metal oxide particles locked in gel) 
formulated to simulate formazin are used. 
b) DI water 
c) Sample Cells 
Method 
a. Insert gel standard and check that value read is in the range 
b. Fill vial with deionized water, cap, shake, and empty. Repeat this procedure twice. 
c. Fill vial with sample water, cap, shake, and empty. 
d. Fill vial with sample water, cap, and insert into the turbidity meter with the white top 
facing forward.  
e. Press READ. 
f. Repeat steps b, c, and d before taking the next reading 
Calculations 
Read turbidity meter reading. 
Quality Control 
Do duplicates of all readings. 
References 




Standard Operating Procedures 
ULTRAVIOLET ABSORBANCE (UV254) 
 
Principle 
Beers Law states that absorbance is proportional to the concentration of the analyte for a 
given absorption pathlength at any given wavelength. UV absorbance at 254 nm is a useful 
surrogate parameter for estimating the raw water concentrations of organic carbon and THM 
precursors (Standard Methods 2006). 
 
Apparatus 
Hach DR5000 spectrophotometer 
a. Cuvettes, 1cm path length, 3 ml volume, matched quartz cells (Suprasil ®, Fisher Sci.) 
 
Reagents and materials 
 DI Water 
 
Collection of Samples 
 Collect samples in 40 mL amber TOC vials that have been washed with chromic acid and 
baked 90 min. in a muffle furnace at 5500C to mineralize all organic matter. 
 Store at 40C. 
 Holding time: < 48 hours. 
 
Method 
a. Remove samples from refrigerator and allow to warm to room temp. 
b. Set spectrophotometer to measure wavelength 254 nm. 
c. Zero machine on RO lab water blank. 
d. Rinse cuvette with RO water twice; then fill with at least 1.5 ml of sample. 
e. Wipe cuvette with kimwipe to be sure it is dry and free of smudges. 
f. Measure and record absorbance. 
g. Analyze sample aliquots in duplicate (triplicate if discrepancy). 
 
Quality Control 
a. Blanks every 8 samples to check for drift. 
b. Run duplicate samples from a random source each round of sampling. 
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c. For this method (not same instrument) the standard deviation of duplicate samples was  0.011 
cm-1.  The standard deviation of duplicate measurements was  0.002 cm-1. (Collins et al. 
1989) 
 
Hitachi UV2000 Specifications 
Range Reproducibility Accuracy 
0-0.5 abs.  0.001  0.002 
0.5-1.0 abs.  0.002 0.004  
 
Care for cuvettes 
a. Periodically clean cells by rinsing with methanol then RO water, or use phosphate free soap. 
b. Take care not to drop, scratch or in any way damage the cells. 
 
Instrument Setup 
a. Select Photometry in Main Menu using arrow keys; press ENTER. 
b. Select Test Setup: set/check set to 254 nm wavelength. 
c. Press FORWARD; machine will align to 254 nm. Wait for 30 minutes for the lamp to warm 
up. 
d. Press AUTOZERO to zero on blanks. 
e. Press start to measure absorbance of samples. 
 
References 
APHA, AWWA, WEF (2006).  Standard Methods for the Examination of Water and 
Wastewater.  21st Ed. 
Page T. G. 1997. “GAC Sandwich Modification to Slow Sand Filtration for Enhanced 





















Pilot Scale Filamentous Algae Study: 






Time Location Reading Duplicate Time Location Reading Duplicate
0 Influent <1 0 Influent <1
81.7 Influent 1119.85 1050 81.7 Influent 1732.87 1211
0 Effluent <1 0 Effluent <1
11.7 Effluent 488.4 517.2 11.7 Effluent 387.3
23.3 Effluent 920.8 23.3 Effluent 1299.65 816.4
35 Effluent 1299.65 35 Effluent 1203.31
58.3 Effluent 1203.31 58.3 Effluent 1046.24
81.7 Effluent 1299.85 81.7 Effluent 980.4
201.7 Effluent 3.1 <1 201.7 Effluent 1
321.7 Effluent <1 321.7 Effluent <1 <1
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Reading Duplicate Time Location Reading Duplicate
0 Influent <1 0 Influent <1
81.7 Influent 920.8 1211 81.7 Influent 866.4 1137
0 Effluent <1 0 Effluent <1
11.7 Effluent 547.5 11.7 Effluent 686.7
23.3 Effluent 866.4 23.3 Effluent 1299.65
35 Effluent 1046.24 1119.85 35 Effluent 629.4
58.3 Effluent 1413.6 58.3 Effluent 1553.07 1732.87
81.7 Effluent 1119.85 81.7 Effluent 1119.85
201.7 Effluent 3.1 201.7 Effluent <1
321.7 Effluent <1 321.7 Effluent <1
Filter 3 - Spirogyra Filter 4 - Mougeotia
Time Location Reading Duplicate
0 Influent <1






81.7 Effluent 1299.65 1553.07
201.7 Effluent 1
321.7 Effluent <1










Source Time Sample # 649 nm 665 nm Total Chl-a (ug/mL) Chl-a per area (mg/m^2) Average Chl-a per area Standard Deviation %RSD
Oedogonium - 1 0.004 0.015 0.16756 52.08594192 70.1 23.69796941 33.80289
(Filter 1) - 2 0.006 0.021 0.24348 75.68563583
- 3 0.004 0.023 0.20948 65.11675289
- 4 0.005 0.021 0.22124 68.77234299
- 5 0.004 0.01 0.14136 43.94168507
- 6 0.01 0.03 0.3796 117.9984695
- 7 0.005 0.02 0.216 67.14349162
Source Time Sample # 649 nm 665 nm Total Chl-a (ug/mL) Chl-a per area (mg/m^2) Average Chl-a per area Standard Deviation %RSD
Mougeotia - 1 0.007 0.023 0.2762 85.85663141 75.4 17.76558221 23.54691
(Filter 4) - 2 0.005 0.015 0.1898 58.99923476
- 3 0.008 0.021 0.28796 89.51222151
- 4 0.009 0.026 0.3364 104.5697712
- 5 0.006 0.014 0.2068 64.28367623
- 6 0.006 0.014 0.2068 64.28367623
- 7 0.005 0.016 0.19504 60.62808613
Source Time Sample # 649 nm 665 nm Total Chl-a (ug/mL) Chl-a per area (mg/m^2) Average Chl-a per area Standard Deviation %RSD
Spirogyra - 1 0.006 0.018 0.22776 70.79908172 91.4 45.27523781 49.5466
(Filter 3) - 2 0.002 0.009 0.09164 28.48624802
- 3 0.015 0.04 0.5432 168.8534474
- 4 0.01 0.029 0.37436 116.3696182
- 5 0.006 0.027 0.27492 85.45874405
- 6 0.008 0.033 0.35084 109.058438
- 7 0.005 0.016 0.19504 60.62808613
Source Time Sample # 649 nm 665 nm Total Chl-a (ug/mL) Chl-a per area (mg/m^2) Average Chl-a per area Standard Deviation %RSD
Ulothrix - 1 0.006 0.021 0.24348 75.68563583 112.9 97.40287142 86.24196
(Filter 2) - 2 0.002 0.006 0.07592 23.59969391
- 3 0.009 0.032 0.36784 114.3428794
- 4 0.006 0.022 0.24872 77.3144872
- 5 0.001 0.003 0.03796 11.79984695
- 6 0.024 0.066 0.8796 273.4232186
- 7 0.019 0.051 0.6898 214.4239839
Source Time Sample # 649 nm 665 nm Total Chl-a (ug/mL) Chl-a per area (mg/m^2) Average Chl-a per area Standard Deviation %RSD
Control - 1 0 0.003 0.01572 4.886554112 3.3 3.989854725 122.4745
(Filter 5) - 2 0 0.005 0.0262 8.144256854
- 3 0 0 0 0
- 4 0 0 0 0
Source Time Sample # 649 nm 665 nm Total Chl-a (ug/mL) Average Chl-a Standard Deviation %RSD
Filter 1 - Eff 81.7 1 0 0.001 0.00524 0.0216 0.023136534 107.1135828
81.7 2 0.001 0.003 0.03796
Filter 2 - Eff 81.7 1 0 0.001 0.00524 0.01636 0.015726055 96.12502942
81.7 2 0.001 0.001 0.02748
Filter 3 - Eff 81.7 1 0.001 0.001 0.02748 0.0301 0.00370524 12.30976589
81.7 2 0.001 0.002 0.03272
Filter 4 - Eff 81.7 1 0 0.001 0.00524 0.00524 0 0
81.7 2 0 0.001 0.00524
Filter 5 - Eff 81.7 1 0 0.002 0.01048 0.01898 0.012020815 63.33411633
81.7 2 0.001 0.001 0.02748
Barrel 0 1 0.002 0.001 0.04972 0.02748 0.03145211 114.4545474












Time Location Reading 1 Reading 2 Time Location Reading 1 Reading 2
0 Influent 8.26 8.15 0 Influent 8.16 8.18
0 Effluent 8.23 8.25 0 Effluent 8.2 8.22
81.7 Influent 8.17 8.18 81.7 Influent 8.18 8.18
321.7 Effluent 8.36 8.34 321.7 Effluent 8.34 8.32
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Reading 1 Reading 2 Time Location Reading 1 Reading 2
0 Influent 8.09 8.12 0 Influent 8.14 8.15
0 Effluent 8.16 8.16 0 Effluent 8.15 8.16
81.7 Influent 8.17 8.18 81.7 Influent 8.18 8.19
321.7 Effluent 8.28 8.24 321.7 Effluent 8.16 8.17
Filter 3 - Spirogyra Filter 4 - Mougeotia
Time Location Reading 1 Reading 2
0 Influent 8.03 8.08
0 Effluent 8.13 8.14
81.7 Influent 8.16 8.17
321.7 Effluent 8.14 8.13
Filter 5 - Control
Time Location Reading 1 Reading 2 Time Location Reading 1 Reading 2
0 Influent 0.2 0.23 0 Influent 0.2 0.25
0 Effluent 0.15 0.15 0 Effluent 0.21 0.16
321.7 Effluent 0.22 0.12 321.7 Effluent 0.1 0.11
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Reading 1 Reading 2 Time Location Reading 1 Reading 2
0 Influent 0.33 0.22 0 Influent 0.15 0.14
0 Effluent 0.15 0.15 0 Effluent 0.1 0.11
321.7 Effluent 0.1 0.09 321.7 Effluent 0.12 0.11
Filter 3 - Spirogyra Filter 4 - Mougeotia
Time Location Reading 1 Reading 2
0 Influent 0.16 0.19
0 Effluent 0.09 0.11
321.7 Effluent 0.12 0.14












Sample Readings Average Sample Readings Average removal efficiency
Influent F1 DOC 0.013 0.013 Effluent F1 DOC 0.012 0.012 7.692308
F1 DOCd 0.013 F1 DOCd 0.012
F2 0.013 0.0135 F2 0.011 0.011 18.51852
F2 d 0.014 F2 d 0.011
F3 0.013 0.0125 F3 0.011 0.0115 8
F3 d 0.012 F3 d 0.012
F4 0.014 0.014 F4 0.012 0.0135 3.571429
F4 d 0.014 F4 d 0.015
F5 0.015 0.015 F5 0.012 0.012 20
F5 d 0.015 F5 d 0.012
Time Location Sample Reading 1 Reading 2 Time Location Sample Reading 1 Reading 2
0 Influent F1 DOC 0.012 0.013 0 Influent F1 DOC 0.014 0.014
0 Influent F1 DOC d 0.013 0.013 0 Influent F1 DOC d 0.014 0.013
0 Effluent F1 DOC 0.012 0.011 0 Effluent F1 DOC 0.011 0.01
0 Effluent F1 DOC d 0.012 0.012 0 Effluent F1 DOC d 0.011 0.011
321.7 Effluent F1 DOC 0.011 0.011 321.7 Effluent F1 DOC 0.012 0.012
321.7 Effluent F1 DOC d 0.012 0.012 321.7 Effluent F1 DOC d 0.011 0.011
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Sample Reading 1 Reading 2 Time Location Sample Reading 1 Reading 2
0 Influent F1 DOC 0.013 0.013 0 Influent F1 DOC 0.014 0.014
0 Influent F1 DOC d 0.012 0.012 0 Influent F1 DOC d 0.014 0.014
0 Effluent F1 DOC 0.011 0.011 0 Effluent F1 DOC 0.012 0.011
0 Effluent F1 DOC d 0.012 0.012 0 Effluent F1 DOC d 0.015 0.015
321.7 Effluent F1 DOC 0.011 0.011 321.7 Effluent F1 DOC 0.012 0.012
321.7 Effluent F1 DOC d 0.012 0.012 321.7 Effluent F1 DOC d 0.012 0.012
Filter 3 - Spirogyra Filter 4 - Mougeotia
Time Location Sample Reading 1 Reading 2
0 Influent F1 DOC 0.015 0.015
0 Influent F1 DOC d 0.015 0.015
0 Effluent F1 DOC 0.012 0.011
0 Effluent F1 DOC d 0.012 0.011
321.7 Effluent F1 DOC 0.012 0.011
321.7 Effluent F1 DOC d 0.012 0.011















Time Location Reading Time Location Reading Time Location Reading
0 Influent 5.28 0 Influent 5.23 0 Influent 5.25
0 Effluent 5.95 0 Effluent 6.23 0 Effluent 6.17
81.7 Influent 5.42 81.7 Influent 5.41 81.7 Influent 5.46
81.7 Effluent 5.88 81.7 Effluent 5.98 81.7 Effluent 5.74
321.7 Effluent 5.67 321.7 Effluent 5.82 321.7 Effluent 5.6
Filter 1 - Oedogonium Filter 2 - Ulothrix Filter 3 - Spirogyra
Time Location Reading Time Location Reading
0 Influent 5.27 0 Influent 5.3
0 Effluent 5.89 0 Effluent 5.99
81.7 Influent 5.34 81.7 Influent 5.32
81.7 Effluent 5.65 81.7 Effluent 5.69
321.7 Effluent 5.67 321.7 Effluent 5.45
Filter 4 - Mougeotia Filter 5 - Control
Time Location Reading Time Location Reading Time Location Reading
0 Influent 14 0 Influent 13.9 0 Influent 14
0 Effluent 15.1 0 Effluent 14.9 0 Effluent 14.9
81.7 Influent 16 81.7 Influent 16.8 81.7 Influent 17
81.7 Effluent 15.3 81.7 Effluent 15.8 81.7 Effluent 15.9
321.7 Effluent 15.4 321.7 Effluent 15.3 321.7 Effluent 15.4
Filter 1 - Oedogonium Filter 2 - Ulothrix Filter 3 - Spirogyra
Time Location Reading Time Location Reading
0 Influent 14 0 Influent 14
0 Effluent 14.3 0 Effluent 14.4
81.7 Influent 14.8 81.7 Influent 15.8
81.7 Effluent 15.3 81.7 Effluent 15.4
321.7 Effluent 14.8 321.7 Effluent 14.7















Time Location Reading Duplicate Time Location Reading Duplicate
0 Influent 47.2 48.8 0 Influent 47.6 49.6
0 Effluent 49.6 51.2 0 Effluent 51.2 49.6
321.7 Effluent 53.6 55.2 321.7 Effluent 55.2 56
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Reading Time Location Reading Time Location Reading
0 Influent 48 0 Influent 49.6 0 Influent 50.4
0 Effluent 51.2 0 Effluent 52 0 Effluent 48.8
321.7 Effluent 56.8 321.7 Effluent 54.4 321.7 Effluent 56.8
Filter 5 - ControlFilter 3 - Spirogyra Filter 4 - Mougeotia
Time Location Reading Duplicate Time Location Reading
0 Influent 10.7 10.6 0 Influent 10.4
321.7 Effluent 10.5 10.3 321.7 Effluent 10.7
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Reading 1 Reading 2 Time Location Reading 1 Reading 2
0 Influent 857 867 0 Influent 863 866
0 Effluent 860 862 0 Effluent 864 863
321.7 Effluent 885 888 321.7 Effluent 892 890
Filter 1 - Oedogonium Filter 2 - Ulothrix
Time Location Reading 1 Reading 2 Time Location Reading 1 Reading 2
0 Influent 863 864 0 Influent 863 863
0 Effluent 862 863 0 Effluent 859 861
321.7 Effluent 885 893 321.7 Effluent 891 894
Filter 3 - Spirogyra Filter 4 - Mougeotia
Time Location Reading 1 Reading 2
0 Influent 861 863
0 Effluent 860 861
321.7 Effluent 895 894









Time Reading 1 Reading 2 Time Reading 1 Reading 2 Time Reading 1 Reading 2
-90 570 576 -90 564 564 -90 576 576
42 600 576 42 552 552 42 552 552
321.7 552 540 321.7 528 540 321.7 570 588
Filter 1 - Oedogonium Filter 2 - Ulothrix Filter 3 - Spirogyra
Time Reading 1 Reading 2 Time Reading 1 Reading 2
-90 612 612 -90 624 624
42 564 570 42 576 576
321.7 576 600 321.7 576 576
Filter 4 - Mougeotia Filter 5 - Control
Time Filter 1 Filter 5 Anova: Two-Factor Without Replication
3 35.0175 29.32
5 39.8345 0.686 SUMMARY Count Sum Average Variance
7 35.0075 28.682 3 2 64.3375 32.16875 16.23075
5 2 40.5205 20.26025 766.3025
7 2 63.6895 31.84475 20.00598
Filter 1 3 109.8595 36.61983 7.750586
Filter 5 3 58.688 19.56267 267.3482
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 184.0787 2 92.03933 0.502784 0.665432 19
Columns 436.4204 1 436.4204 2.384037 0.262572 18.51282
Error 366.1189 2 183.0594
Total 986.6179 5
Total 1882.543 7






Time Filter 2 Filter 5 Anova: Two-Factor Without Replication
3 39.8345 29.32
5 47.688 0.686 SUMMARY Count Sum Average Variance
7 50.98 28.682 3 2 69.1545 34.57725 55.27736
5 2 48.374 24.187 1104.594
7 2 79.662 39.831 248.6004
Filter 2 3 138.5025 46.1675 32.78948
Filter 5 3 58.688 19.56267 267.3482
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 253.5293 2 126.7646 0.731167 0.577645 19
Columns 1061.726 1 1061.726 6.123939 0.131775 18.51282
Error 346.746 2 173.373
Total 1662.001 5
Total 2061.945 7
Filter 2 not significant from 
control
Time Filter 3 Filter 5 Anova: Two-Factor Without Replication
3 45.84775 29.32
5 29.32 0.686 SUMMARY Count Sum Average Variance
7 44.0075 28.682 3 2 75.16775 37.58388 136.5833
5 2 30.006 15.003 409.953
7 2 72.6895 36.34475 117.4355
Filter 3 3 119.1753 39.72508 82.04595
Filter 5 3 58.688 19.56267 267.3482
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 644.6011 2 322.3005 11.89583 0.077544 19
Columns 609.7846 1 609.7846 22.50661 0.041674 18.51282
Error 54.18714 2 27.09357
Total 1308.573 5
Total 2202.271 7






Time Filter 4 Filter 5 Anova: Two-Factor Without Replication
3 68.53 29.32
5 17.8515 0.686 SUMMARY Count Sum Average Variance
7 44.0075 28.682 3 2 97.85 48.925 768.7121
5 2 18.5375 9.26875 147.3272
7 2 72.6895 36.34475 117.4355
Filter 4 3 130.389 43.463 642.3
Filter 5 3 58.688 19.56267 267.3482
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 1642.66 2 821.3302 9.299702 0.09709 19
Columns 856.8389 1 856.8389 9.701757 0.089459 18.51282
Error 176.6358 2 88.31791
Total 2676.135 5
Total 3001.425 7









Sample E. coli count Chl-a
Initial >2419.2 NA






Sample E. coli count Chl-a
Initial >2419.2 NA






Na+ Based Ionic Strength
Mg+2 Based Ionic Strength
Algae Na Mg Anova: Two-Factor Without Replication
Ulothrix 0.00 0.00
Control 0 0 SUMMARY Count Sum Average Variance
Ulothrix 2 0.00248 0.00124 0
Control 2 0 0 0
Na 2 0.00124 0.00062 7.69E-07
Mg 2 0.00124 0.00062 7.69E-07
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 1.54E-06 1 1.54E-06 65535 #DIV/0! 161.4476
Columns 0 1 0 65535 #DIV/0! 161.4476
Error 0 1 0
Total 1.54E-06 3






Algae Na Mg Anova: Two-Factor Without Replication
Spirogyra 28.37 35.80
Control 0 0 SUMMARY Count Sum Average Variance
Spirogyra 2 64.17245 32.08623 27.61887
Control 2 0 0 0
Na 2 28.37012 14.18506 402.4319
Mg 2 35.80233 17.90117 640.9035
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 1029.526 1 1029.526 74.55237 0.073404 161.4476
Columns 13.80943 1 13.80943 1 0.5 161.4476
Error 13.80943 1 13.80943
Total 1057.145 3
Not enough data to support 
significance
Algae Na Mg Anova: Two-Factor Without Replication
Oedogonium 97.45 96.25
Control 0 0 SUMMARY Count Sum Average Variance
Oedogonium 2 193.7087 96.85433 0.718493
Control 2 0 0 0
Na 2 97.4537 48.72685 4748.612
Mg 2 96.25496 48.12748 4632.509
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 9380.762 1 9380.762 26112.33 0.00394 161.4476
Columns 0.359246 1 0.359246 1 0.5 161.4476
Error 0.359246 1 0.359246
Total 9381.48 3




Algae Na Mg Anova: Two-Factor Without Replication
Mougeotia 61.94 35.80
Control 0 0 SUMMARY Count Sum Average Variance
Mougeotia 2 97.74016 48.87008 341.5322
Control 2 0 0 0
Na 2 61.93783 30.96892 1918.147
Mg 2 35.80233 17.90117 640.9035
ANOVA
Source of Variation SS df MS F P-value F crit
Rows 2388.285 1 2388.285 13.98571 0.166339 161.4476
Columns 170.7661 1 170.7661 1 0.5 161.4476
Error 170.7661 1 170.7661
Total 2729.817 3




Bench Scale Coated Media Study – NOM Challenges: 




















Flask 1 Recirc Start 5.33
Flask 2 Recirc Start 5.17
Flask 3 Recirc Start 2.79
Flask 4 Recirc Start 5.71
Flask 5 Recirc Start 5.03
Flask 6 Recirc Start 2.75
Flask 1 Recirc End 5.29
Flask 2 Recirc End 5.33
Flask 3 Recirc End 3.30
Flask 4 Recirc End 5.51
Flask 5 Recirc End 5.10
Flask 6 Recirc End 3.72
Carboy 0 BV 6.25
Column 1 1 BV 6.65
Column 2 1 BV 6.35
Column 3 1 BV 6.08
Column 4 1 BV 6.14
Column 5 1 BV 6.25
Column 6 1 BV 6.00
Column 1 6 BV 6.73
Column 2 6 BV 6.46
Column 3 6 BV 6.41
Column 4 6 BV 6.43
Column 5 6 BV 6.56
Column 6 6 BV 6.46
Carboy 7 BV 6.71
Location Time Cond.
Flask 1 Recirc Start 87.7
Flask 2 Recirc Start 48.9
Flask 3 Recirc Start 99.9
Flask 4 Recirc Start 86.0
Flask 5 Recirc Start 51.3
Flask 6 Recirc Start 108.7
Flask 1 Recirc End 76.2
Flask 2 Recirc End 44.2
Flask 3 Recirc End 73.6
Flask 4 Recirc End 77.2
Flask 5 Recirc End 43.7
Flask 6 Recirc End 68.5
Carboy 0 BV 188.8
Column 1 1 BV 184.9
Column 2 1 BV 183.7
Column 3 1 BV 179.6
Column 4 1 BV 183.6
Column 5 1 BV 180.8
Column 6 1 BV 180.5
Column 1 6 BV 189.7
Column 2 6 BV 188.0
Column 3 6 BV 186.9
Column 4 6 BV 188.4
Column 5 6 BV 187.8
Column 6 6 BV 186.2























Carboy 0 BV 2.58
Column 1 1 BV 2.55
Column 2 1 BV 4.22
Column 3 1 BV 2.38
Column 4 1 BV 2.77
Column 5 1 BV 4.19
Column 6 1 BV 2.74
Column 1 6 BV 2.63
Column 2 6 BV 2.39
Column 3 6 BV 2.35
Column 4 6 BV 2.42
Column 5 6 BV 2.35
Column 6 6 BV 2.45










Location Time 649 nm 665 nm Total Chlorophyll (ug/mL)
Flask 1 Recirc Start 0.012 0.037 0.46076
Flask 1 Recirc Start 0.013 0.044 0.51968
Flask 2 Recirc Start 0.013 0.031 0.45156
Flask 3 Recirc Start 0.009 0.025 0.33116
Flask 4 Recirc Start 0.014 0.035 0.49476
Flask 5 Recirc Start 0.015 0.036 0.52224
Flask 5 Recirc Start 0.014 0.036 0.5
Flask 6 Recirc Start 0.010 0.027 0.36388
Flask 1 Recirc End 0.007 0.016 0.23952
Flask 2 Recirc End 0.005 0.014 0.18456
Flask 2 Recirc End 0.005 0.016 0.19504
Flask 3 Recirc End 0.006 0.013 0.20156
Flask 4 Recirc End 0.003 0.008 0.10864
Flask 5 Recirc End -0.001 0.010 0.03016
Flask 6 Recirc End 0.002 0.008 0.0864
Flask 6 Recirc End 0.002 0.006 0.07592
Carboy 0 BV 0.000 0.000 0
Carboy 0 BV 0.000 0.000 0
Column 1 1 BV 0.000 0.000 0
Column 2 1 BV 0.000 0.000 0
Column 3 1 BV 0.000 0.000 0
Column 3 1 BV 0.000 0.000 0
Column 4 1 BV 0.000 0.000 0
Column 5 1 BV 0.000 0.000 0
Column 6 1 BV 0.000 0.000 0
Column 1 6 BV 0.000 0.000 0
Column 2 6 BV 0.000 0.000 0
Column 3 6 BV 0.000 0.000 0
Column 4 6 BV 0.001 0.000 0.02224
Column 4 6 BV 0.000 0.000 0
Column 5 6 BV 0.000 0.000 0







Location Time TOC DOC
Flask 1 Recirc Start 3.56 2.62
Flask 2 Recirc Start 3.54 2.83
Flask 3 Recirc Start 3.83 3.36
Flask 4 Recirc Start 3.40 2.89
Flask 5 Recirc Start 3.52 3.14
Flask 6 Recirc Start 4.15 3.30
Flask 1 Recirc End 3.41 2.48
Flask 2 Recirc End 3.08 2.49
Flask 3 Recirc End 2.78 2.50
Flask 4 Recirc End 2.92 2.29
Flask 5 Recirc End 2.77 2.28
Flask 6 Recirc End 2.29 2.33
Carboy 0 BV 9.42 9.33
Carboy 0 BV (Dup) 9.42 9.33
Column 1 1.5 BV 8.63
Column 2 1.5 BV 8.72
Column 3 1.5 BV 8.35
Column 4 1.5 BV 8.72
Column 5 1.5 BV 8.38
Column 6 1.5 BV 8.34
Column 1 3 BV 8.86
Column 2 3 BV 8.88
Column 3 3 BV 8.77
Column 4 3 BV 8.94
Column 5 3 BV 8.82
Column 6 3 BV 8.84
Column 1 5 BV 8.99
Column 2 5 BV 8.99
Column 3 5 BV 8.95
Column 4 5 BV 9.00
Column 5 5 BV 8.77
Column 6 5 BV 8.87
Column 1 7 BV 9.15
Column 2 7 BV 9.12
Column 3 7 BV 9.15
Column 4 7 BV 9.15
Column 5 7 BV 9.15
Column 6 7 BV 9.18
Carboy 7 BV 9.39 9.24
Carboy 7 BV (dup) 9.42 9.33
Location Time UV UV Duplicate
Flask 1 Recirc Start
Flask 2 Recirc Start
Flask 3 Recirc Start
Flask 4 Recirc Start
Flask 5 Recirc Start
Flask 6 Recirc Start
Flask 1 Recirc End
Flask 2 Recirc End
Flask 3 Recirc End
Flask 4 Recirc End
Flask 5 Recirc End
Flask 6 Recirc End
Carboy 0 BV 0.319 0.319
Carboy 0 BV (Dup) 0.317 0.317
Column 1 1.5 BV 0.273 0.274
Column 2 1.5 BV 0.274 0.273
Column 3 1.5 BV 0.264 0.264
Column 4 1.5 BV 0.282 0.283
Column 5 1.5 BV 0.270 0.269
Column 6 1.5 BV 0.264 0.264
Column 1 3 BV 0.291 0.292
Column 2 3 BV 0.289 0.29
Column 3 3 BV 0.285 0.286
Column 4 3 BV 0.293 0.294
Column 5 3 BV 0.288 0.289
Column 6 3 BV 0.287 0.289
Column 1 5 BV 0.297 0.297
Column 2 5 BV 0.297 0.297
Column 3 5 BV 0.294 0.295
Column 4 5 BV 0.297 0.298
Column 5 5 BV 0.294 0.295
Column 6 5 BV 0.294 0.295
Column 1 7 BV 0.304 0.304
Column 2 7 BV 0.304 0.304
Column 3 7 BV 0.303 0.304
Column 4 7 BV 0.305 0.305
Column 5 7 BV 0.303 0.304
Column 6 7 BV 0.303 0.303
Carboy 7 BV 0.318 0.319






Run/Time 1 13 Anova: Two-Factor Without Replication
1.5 8.289054 7.13422
3 5.844846 4.836759SUMMARY Count Sum Average Variance
5 4.463337 4.474002 1.5 2 15.42327 7.711637 0.666821
7 2.763018 2.660218 3 2 10.68161 5.340803 0.508119
5 2 8.937339 4.46867 5.69E-05
7 2 5.423236 2.711618 0.005284
1 4 21.36026 5.340064 5.453721
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 25.94917 3 8.649724 47.64625 0.004973 9.276628
Columns 0.635659 1 0.635659 3.501474 0.158062 10.12796
Error 0.544622 3 0.181541
Total 27.12945 7
Ulothrix and Low Mg not 
significant compared to clean 
gravel
Run/Time 2 13 Anova: Two-Factor Without Replication
1.5 7.332625 7.13422
3 5.632306 4.836759SUMMARY Count Sum Average Variance
5 4.463337 4.474002 1.5 2 14.46684 7.233422 0.019682
7 3.081828 2.660218 3 2 10.46907 5.234533 0.316447
5 2 8.937339 4.46867 5.69E-05
7 2 5.742045 2.871023 0.088878
2 4 20.5101 5.127524 3.247764
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 19.69758 3 6.565858 110.445 0.001439 9.276628
Columns 0.246717 1 0.246717 4.150048 0.134413 10.12796
Error 0.178347 3 0.059449
Total 20.12264 7
Ulothrix and Low clay not 






Run/Time 3 13 Anova: Two-Factor Without Replication
1.5 11.26461 7.13422
3 6.801275 4.836759SUMMARY Count Sum Average Variance
5 4.888417 4.474002 1.5 2 18.39883 9.199416 8.530069
7 2.763018 2.660218 3 2 11.63803 5.819017 1.929661
5 2 9.362419 4.681209 0.08587
7 2 5.423236 2.711618 0.005284
3 4 25.71732 6.42933 13.11152
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 44.38132 3 14.79377 8.726408 0.054206 9.276628
Columns 5.46502 1 5.46502 3.223653 0.170454 10.12796
Error 5.085864 3 1.695288
Total 54.9322 7
Ulothrix and Low Iron not 
significant compared to clean 
gravel
Run/Time 4 13 Anova: Two-Factor Without Replication
1.5 7.332625 7.13422
3 4.994687 4.836759SUMMARY Count Sum Average Variance
5 4.357067 4.474002 1.5 2 14.46684 7.233422 0.019682
7 2.763018 2.660218 3 2 9.831446 4.915723 0.01247
5 2 8.831069 4.415535 0.006837
7 2 5.423236 2.711618 0.005284
4 4 19.4474 4.861849 3.594092
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 20.88527 3 6.961757 704.7193 9.05E-05 9.276628
Columns 0.014637 1 0.014637 1.481697 0.310527 10.12796
Error 0.029636 3 0.009879
Total 20.92954 7
Ulothrix and High Mg not 







Runs 7-12 (Chlorella sp.):  
 
Run/Time 5 13 Anova: Two-Factor Without Replication
1.5 10.9458 7.13422
3 6.269926 4.836759SUMMARY Count Sum Average Variance
5 6.801275 4.474002 1.5 2 18.08002 9.040011 7.26408
7 2.763018 2.660218 3 2 11.10668 5.553342 1.026983
5 2 11.27528 5.637639 2.708099
7 2 5.423236 2.711618 0.005284
5 4 26.78002 6.695005 11.2406
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 40.21283 3 13.40428 11.04267 0.039595 9.276628
Columns 7.362861 1 7.362861 6.065651 0.090637 10.12796
Error 3.641585 3 1.213862
Total 51.21728 7
Ulothrix and High clay not 
significant compared to clean 
gravel
Run/Time 6 13 Anova: Two-Factor Without Replication
1.5 11.37088 7.13422
3 6.057386 4.836759SUMMARY Count Sum Average Variance
5 5.738576 4.474002 1.5 2 18.5051 9.252551 8.974652
7 2.444208 2.660218 3 2 10.89415 5.447073 0.744964
5 2 10.21258 5.106289 0.799573
7 2 5.104426 2.552213 0.02333
6 4 25.61105 6.402763 13.6376
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 45.79367 3 15.26456 8.719688 0.054261 9.276628
Columns 5.290765 1 5.290765 3.022284 0.180514 10.12796
Error 5.251755 3 1.750585
Total 56.33619 7
Ulothrix and High Iron not 



























Flask 1 Recirc Start 9.27
Flask 2 Recirc Start 8.6
Flask 3 Recirc Start 6.86
Flask 4 Recirc Start 6.96
Flask 5 Recirc Start 6.92
Flask 6 Recirc Start 5.15
Flask 1 Recirc End 5.88
Flask 2 Recirc End 6.01
Flask 3 Recirc End 4.96
Flask 4 Recirc End 5.95
Flask 5 Recirc End 5.87
Flask 6 Recirc End 5.13
Carboy 0 BV 5.71
Column 1 1 BV 6.14
Column 2 1 BV 6.27
Column 3 1 BV 6.17
Column 4 1 BV 6.26
Column 5 1 BV 6.28
Column 6 1 BV 6.38
Column 1 6 BV 6.51
Column 2 6 BV 6.43
Column 3 6 BV 6.38
Column 4 6 BV 6.47
Column 5 6 BV 6.53
Column 6 6 BV 6.52
Carboy 7 BV 6.62
Location Time Cond.
Flask 1 Recirc Start 82.2
Flask 2 Recirc Start 41.2
Flask 3 Recirc Start 51.4
Flask 4 Recirc Start 78.4
Flask 5 Recirc Start 41.1
Flask 6 Recirc Start 50.9
Flask 1 Recirc End 66.9
Flask 2 Recirc End 34.1
Flask 3 Recirc End 45.9
Flask 4 Recirc End 66.3
Flask 5 Recirc End 33.5
Flask 6 Recirc End 45.5
Carboy 0 BV 234
Column 1 1 BV 202
Column 2 1 BV 201
Column 3 1 BV 197.1
Column 4 1 BV 204
Column 5 1 BV 198.8
Column 6 1 BV 200.0
Column 1 6 BV 207
Column 2 6 BV 205.0
Column 3 6 BV 205
Column 4 6 BV 205
Column 5 6 BV 205
Column 6 6 BV 208























Carboy 0 BV 2.3
Column 1 1 BV 2.11
Column 2 1 BV 3.24
Column 3 1 BV 1.84
Column 4 1 BV 2.21
Column 5 1 BV 4.81
Column 6 1 BV 1.81
Column 1 6 BV 2.13
Column 2 6 BV 2.17
Column 3 6 BV 1.84
Column 4 6 BV 1.94
Column 5 6 BV 2.23
Column 6 6 BV 1.98












Location Time 649 nm 665 nm Total Chlorophyll (ug/mL)
Flask 1 Recirc Start 0.064 0.137 2.14124
Flask 1 Recirc Start 0.066 0.142 2.21192
Flask 2 Recirc Start 0.065 0.142 2.18968
Flask 3 Recirc Start 0.063 0.137 2.119
Flask 4 Recirc Start 0.067 0.144 2.24464
Flask 5 Recirc Start 0.062 0.132 2.07056
Flask 5 Recirc Start 0.062 0.135 2.08628
Flask 6 Recirc Start 0.065 0.142 2.18968
Flask 1 Recirc End 0.052 0.113 1.7486
Flask 2 Recirc End 0.028 0.065 0.96332
Flask 2 Recirc End 0.028 0.068 0.97904
Flask 3 Recirc End 0.026 0.056 0.87168
Flask 4 Recirc End 0.045 0.098 1.51432
Flask 5 Recirc End 0.015 0.035 0.517
Flask 6 Recirc End 0.010 0.022 0.33768
Flask 6 Recirc End 0.011 0.098 0.75816
Carboy 0 BV 0.000 0.000 0
Carboy 0 BV 0.000 0.000 0
Column 1 1 BV 0.003 0.005 0.09292
Column 2 1 BV 0.001 0.001 0.02748
Column 3 1 BV 0.000 0.000 0
Column 3 1 BV 0.000 0.000 0
Column 4 1 BV 0.003 0.007 0.1034
Column 5 1 BV 0.001 0.002 0.03272
Column 6 1 BV 0.000 0.000 0
Column 1 6 BV 0.000 0.001 0.00524
Column 2 6 BV 0.000 0.001 0.00524
Column 3 6 BV 0.000 0.000 0
Column 4 6 BV 0.000 0.001 0.00524
Column 4 6 BV 0.000 0.001 0.00524
Column 5 6 BV 0.000 0.001 0.00524















Location Time TOC DOC
Flask 1 Recirc Start 4.91 1.82
Flask 2 Recirc Start 2.09 1.97
Flask 3 Recirc Start 1.68 1.62
Flask 4 Recirc Start 5.06 1.73
Flask 5 Recirc Start 1.92 1.75
Flask 6 Recirc Start 1.65 1.62
Flask 1 Recirc End 4.08 1.77
Flask 2 Recirc End 1.87 1.72
Flask 3 Recirc End 1.53 1.57
Flask 4 Recirc End 4.10 1.70
Flask 5 Recirc End 1.74 1.74
Flask 6 Recirc End 1.49 1.48
Carboy 0 BV 8.62 8.20
Carboy 0 BV (Dup) 8.73 8.36
Column 1 1.5 BV 8.18
Column 2 1.5 BV 7.87
Column 3 1.5 BV 7.62
Column 4 1.5 BV 8.14
Column 5 1.5 BV 7.69
Column 6 1.5 BV 7.51
Column 1 3 BV 8.48
Column 2 3 BV 8.20
Column 3 3 BV 8.02
Column 4 3 BV 8.22
Column 5 3 BV 8.11
Column 6 3 BV 8.05
Column 1 5 BV 8.32
Column 2 5 BV 8.38
Column 3 5 BV 8.22
Column 4 5 BV 8.42
Column 5 5 BV 8.28
Column 6 5 BV 8.24
Column 1 7 BV 8.40 8.18
Column 2 7 BV 8.40 8.25
Column 3 7 BV 8.31 8.11
Column 4 7 BV 8.42 8.14
Column 5 7 BV 8.39 8.04
Column 6 7 BV 8.33 7.95
Carboy 7 BV 8.49 8.30
Carboy 7 BV (dup) 8.28
Location Time UV UV Duplicate
Flask 1 Recirc Start 0.017 0.017
Flask 2 Recirc Start 0.023 0.023
Flask 3 Recirc Start 0.112 0.111
Flask 4 Recirc Start 0.016 0.016
Flask 5 Recirc Start 0.018 0.018
Flask 6 Recirc Start 0.112 0.111
Flask 1 Recirc End 0.019 0.019
Flask 2 Recirc End 0.019 0.019
Flask 3 Recirc End 0.092 0.092
Flask 4 Recirc End 0.019 0.019
Flask 5 Recirc End 0.021 0.02
Flask 6 Recirc End 0.089 0.09
Carboy 0 BV
Carboy 0 BV (Dup)
Column 1 1.5 BV 0.256 0.257
Column 2 1.5 BV 0.255 0.256
Column 3 1.5 BV 0.252 0.252
Column 4 1.5 BV 0.254 0.254
Column 5 1.5 BV 0.249 0.250






Run/Time 7 13 Anova: Two-Factor Without Replication
1.5 4.662005 7.13422
3 1.165501 4.836759SUMMARY Count Sum Average Variance
5 3.030303 4.474002 1.5 2 11.79622 5.898112 3.055925
7 2.097902 2.660218 3 2 6.002261 3.00113 6.739068
5 2 7.504305 3.752153 1.042134
7 2 4.75812 2.37906 0.158099
7 4 10.95571 2.738928 2.223236
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 14.10888 3 4.702961 5.238209 0.103558 9.276628
Columns 8.30177 1 8.30177 9.246601 0.055831 10.12796
Error 2.693456 3 0.897819
Total 25.10411 7
Chlorella and Low Mg not 
significant compared to clean 
gravel
Run/Time 8 13 Anova: Two-Factor Without Replication
1.5 8.275058 7.13422
3 4.428904 4.836759SUMMARY Count Sum Average Variance
5 2.331002 4.474002 1.5 2 15.40928 7.704639 0.650756
7 2.097902 2.660218 3 2 9.265664 4.632832 0.083173
5 2 6.805005 3.402502 2.296225
7 2 4.75812 2.37906 0.158099
8 4 17.13287 4.283217 8.180922
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 31.9734 3 10.6578 11.83328 0.036051 9.276628
Columns 0.486262 1 0.486262 0.539893 0.515703 10.12796
Error 2.701991 3 0.900664
Total 35.16166 7
Chlorella and Low clay not 






Run/Time 9 13 Anova: Two-Factor Without Replication
1.5 11.18881 7.13422
3 6.526807 4.836759SUMMARY Count Sum Average Variance
5 4.195804 4.474002 1.5 2 18.32303 9.161516 8.219855
7 3.146853 2.660218 3 2 11.36357 5.681783 1.42813
5 2 8.669807 4.334903 0.038697
7 2 5.807071 2.903535 0.118407
9 4 25.05828 6.264569 12.77229
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 43.0743 3 14.3581 8.013525 0.060603 9.276628
Columns 4.429889 1 4.429889 2.472404 0.213909 10.12796
Error 5.3752 3 1.791733
Total 52.87939 7
Chlorella and Low Iron not 
significant compared to clean 
gravel
Run/Time 10 13 Anova: Two-Factor Without Replication
1.5 5.128205 7.13422
3 4.195804 4.836759SUMMARY Count Sum Average Variance
5 1.864802 4.474002 1.5 2 12.26243 6.131213 2.012048
7 1.864802 2.660218 3 2 9.032564 4.516282 0.205412
5 2 6.338804 3.169402 3.403964
7 2 4.52502 2.26251 0.316343
10 4 13.05361 3.263403 2.75301
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 17.03161 3 5.677202 12.52274 0.033371 9.276628
Columns 4.577712 1 4.577712 10.09749 0.050184 10.12796
Error 1.360054 3 0.453351
Total 22.96937 7
Chlorella and High Mg not 









Run/Time 11 13 Anova: Two-Factor Without Replication
1.5 10.37296 7.13422
3 5.477855 4.836759SUMMARY Count Sum Average Variance
5 3.496503 4.474002 1.5 2 17.50718 8.75359 5.244719
7 2.214452 2.660218 3 2 10.31461 5.157307 0.205502
5 2 7.970506 3.985253 0.477752
7 2 4.87467 2.437335 0.099353
11 4 21.56177 5.390443 12.83568
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 43.36669 3 14.45556 8.224317 0.058586 9.276628
Columns 0.754343 1 0.754343 0.429174 0.559145 10.12796
Error 5.272984 3 1.757661
Total 49.39402 7
Chlorella and High clay not 
significant compared to clean 
gravel
Run/Time 12 13 Anova: Two-Factor Without Replication
1.5 12.47086 7.13422
3 6.177156 4.836759SUMMARY Count Sum Average Variance
5 3.962704 4.474002 1.5 2 19.60508 9.802541 14.23988
7 2.913753 2.660218 3 2 11.01392 5.506958 0.898332
5 2 8.436706 4.218353 0.130713
7 2 5.573971 2.786985 0.03214
12 4 25.52448 6.381119 18.33265
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 54.98039 3 18.3268 5.416695 0.099416 9.276628
Columns 5.150888 1 5.150888 1.522404 0.305106 10.12796
Error 10.15017 3 3.383391
Total 70.28145 7
Chlorella and High Iron not 


























Flask 1 Recirc Start 5.25
Flask 2 Recirc Start 5.94
Flask 3 Recirc Start 5.79
Flask 4 Recirc Start 2.68
Flask 5 Recirc Start 9.23
Flask 6 Recirc Start 6.20
Flask 1 Recirc End 6.14
Flask 2 Recirc End 5.78
Flask 3 Recirc End 6.52
Flask 4 Recirc End 3.49
Flask 5 Recirc End 8.52
Flask 6 Recirc End 5.83
Carboy 0 BV 6.42
Column 1 1 BV 6.38
Column 2 1 BV 6.38
Column 3 1 BV 6.3
Column 4 1 BV 6.17
Column 5 1 BV 6.34
Column 6 1 BV 7.25
Column 1 6 BV 6.87
Column 2 6 BV 6.46
Column 3 6 BV 6.5
Column 4 6 BV 6.18
Column 5 6 BV 6.47
Column 6 6 BV 6.08
Carboy 7 BV 6.47
Location Time Cond.
Flask 1 Recirc Start 49.9
Flask 2 Recirc Start 91.6
Flask 3 Recirc Start 50.9
Flask 4 Recirc Start 120.6
Flask 5 Recirc Start 58
Flask 6 Recirc Start 51.4
Flask 1 Recirc End 43
Flask 2 Recirc End 76.5
Flask 3 Recirc End 43.0
Flask 4 Recirc End 72.4
Flask 5 Recirc End 34.7
Flask 6 Recirc End 42.6
Carboy 0 BV 206
Column 1 1 BV 200
Column 2 1 BV 201
Column 3 1 BV 198.3
Column 4 1 BV 199.3
Column 5 1 BV 200
Column 6 1 BV 200.0
Column 1 6 BV 205
Column 2 6 BV 203.0
Column 3 6 BV 204
Column 4 6 BV 207
Column 5 6 BV 205
Column 6 6 BV 207

















Carboy 0 BV 1.89
Column 1 1 BV 1.69
Column 2 1 BV 1.78
Column 3 1 BV 3.02
Column 4 1 BV 1.69
Column 5 1 BV 2.14
Column 6 1 BV 1.84
Column 1 6 BV 2.18
Column 2 6 BV 1.85
Column 3 6 BV 4.31
Column 4 6 BV 1.84
Column 5 6 BV 1.84
Column 6 6 BV 1.95
Carboy 7 BV 1.99
Location Time 649 nm 665 nm Total Chlorophyll (ug/mL)
Flask 5 Recirc Start 0.079 0.174 2.66872
Flask 5 Recirc Start 0.088 0.196 2.98416
Flask 6 Recirc Start 0.008 0.027 0.3194
Flask 5 Recirc End 0.055 0.124 1.87296
Flask 6 Recirc End 0.000 0.003 0.01572
Flask 6 Recirc End 0.001 0.003 0.03796
Carboy 0 BV 0.000 0.000 0
Carboy 0 BV 0.000 0.000 0
Column 5 1 BV 0.001 0.004 0.0432
Column 6 1 BV 0.000 0.000 0
Column 5 6 BV 0.000 0.000 0












Location Time TOC DOC
Flask 1 Recirc Start 1.70
Flask 2 Recirc Start 1.73
Flask 3 Recirc Start 1.64
Flask 4 Recirc Start 1.65
Flask 5 Recirc Start 4.81
Flask 6 Recirc Start 2.80
Flask 1 Recirc End 1.61 1.67
Flask 2 Recirc End 1.60 1.61
Flask 3 Recirc End 1.54 1.49
Flask 4 Recirc End 1.49 1.76
Flask 5 Recirc End 4.37 1.75
Flask 6 Recirc End 2.38 7.87
Carboy 0 BV 8.35 4.99
Carboy 0 BV (Dup) 8.24 7.98
Column 1 1.5 BV 7.68
Column 2 1.5 BV 7.61
Column 3 1.5 BV 7.53
Column 4 1.5 BV 7.38
Column 5 1.5 BV 7.54
Column 6 1.5 BV 7.53
Column 1 3 BV 7.87
Column 2 3 BV 7.85
Column 3 3 BV 7.78
Column 4 3 BV 7.75
Column 5 3 BV 7.89
Column 6 3 BV 7.89
Column 1 5 BV 7.90
Column 2 5 BV 7.95
Column 3 5 BV 7.93
Column 4 5 BV 7.89
Column 5 5 BV 7.92
Column 6 5 BV 7.89
Column 1 7 BV 8.05 7.70
Column 2 7 BV 8.04 7.69
Column 3 7 BV 8.11 7.94
Column 4 7 BV 7.97 7.69
Column 5 7 BV 7.99 7.58
Column 6 7 BV 7.98 7.98
Carboy 7 BV 8.24 2.03
Carboy 7 BV (dup) 8.26 8.25
Location Time UV UV Duplicate
Flask 1 Recirc Start 0.017 0.017
Flask 2 Recirc Start 0.023 0.023
Flask 3 Recirc Start 0.112 0.111
Flask 4 Recirc Start 0.016 0.016
Flask 5 Recirc Start 0.018 0.018
Flask 6 Recirc Start 0.112 0.111
Flask 1 Recirc End 0.019 0.019
Flask 2 Recirc End 0.019 0.019
Flask 3 Recirc End 0.092 0.092
Flask 4 Recirc End 0.019 0.019
Flask 5 Recirc End 0.021 0.02
Flask 6 Recirc End 0.089 0.09
Carboy 0 BV
Carboy 0 BV (Dup)
Column 1 1.5 BV 0.256 0.257
Column 2 1.5 BV 0.255 0.256
Column 3 1.5 BV 0.252 0.252
Column 4 1.5 BV 0.254 0.254
Column 5 1.5 BV 0.249 0.250






Run/Time 14 13 Anova: Two-Factor Without Replication
1.5 7.98 7.13422
3 5.08 4.836759SUMMARY Count Sum Average Variance
5 3.87 4.474002 1.5 2 15.11487 7.557437 0.358224
7 2.78 2.660218 3 2 9.915357 4.957678 0.029243
5 2 8.34341 4.171705 0.182768
7 2 5.441354 2.720677 0.007311
14 4 19.70979 4.927449 5.02367
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 24.67179 3 8.223929 46.38832 0.005171 9.276628
Columns 0.045692 1 0.045692 0.257732 0.646653 10.12796
Error 0.531853 3 0.177284
Total 25.24933 7
High Mg not significant 
compared to clean gravel
Run/Time 15 13 Anova: Two-Factor Without Replication
1.5 8.95 7.13422
3 5.93 4.836759SUMMARY Count Sum Average Variance
5 4.11 4.474002 1.5 2 16.08222 8.041112 1.644908
7 1.93 2.660218 3 2 10.76179 5.380895 0.592167
5 2 8.585248 4.292624 0.065796
7 2 4.594921 2.297461 0.263185
15 4 20.91898 5.229746 8.805739
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 34.39502 3 11.46501 15.96183 0.023867 9.276628
Columns 0.411227 1 0.411227 0.572519 0.504258 10.12796
Error 2.154829 3 0.718276
Total 36.96107 7
High Clay not significant 





Run/Time 16 13 Anova: Two-Factor Without Replication
1.5 10.76 7.13422
3 6.29 4.836759SUMMARY Count Sum Average Variance
5 4.59 4.474002 1.5 2 17.89601 8.948005 6.57963
7 3.63 2.660218 3 2 11.12455 5.562273 1.052741
5 2 9.068924 4.534462 0.007311
7 2 6.287787 3.143894 0.467885
16 4 25.27207 6.318017 9.985198
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 36.73444 3 12.24481 10.95313 0.040033 9.276628
Columns 4.753783 1 4.753783 4.252316 0.13123 10.12796
Error 3.353784 3 1.117928
Total 44.84201 7
High Iron not significant 
compared to clean gravel
Run/Time 17 13 Anova: Two-Factor Without Replication
1.5 8.83 7.13422
3 4.59 4.836759SUMMARY Count Sum Average Variance
5 4.23 4.474002 1.5 2 15.96131 7.980653 1.432897
7 3.39 2.660218 3 2 9.431681 4.71584 0.029243
5 2 8.706167 4.353083 0.029243
7 2 6.045949 3.022975 0.263185
17 4 21.0399 5.259976 5.91192
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 26.58171 3 8.860569 20.65909 0.016607 9.276628
Columns 0.467885 1 0.467885 1.090909 0.373021 10.12796
Error 1.286683 3 0.428894
Total 28.33627 7
Chlorella (no BA) not 







Run/Time 18 13 Anova: Two-Factor Without Replication
1.5 8.95 7.13422
3 4.59 4.836759SUMMARY Count Sum Average Variance
5 4.59 4.474002 1.5 2 16.08222 8.041112 1.644908
7 3.51 2.660218 3 2 9.431681 4.71584 0.029243
5 2 9.068924 4.534462 0.007311
7 2 6.166868 3.083434 0.358224
18 4 21.6445 5.411125 5.822973
13 4 19.1052 4.7763 3.377544
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 26.36787 3 8.78929 21.37333 0.015825 9.276628
Columns 0.806005 1 0.806005 1.96 0.256007 10.12796
Error 1.233681 3 0.411227
Total 28.40755 7
Ulothrix (no BA) not 




Bench Scale Coated Media Study – Algae and Iron Based Coatings, Clay Challenges: 










Location Time pH Conductivity Turbidity
Flask 1 Recirc Start 5.43 238
Flask 2 Recirc Start 5.08 248
Flask 3 Recirc Start 2.00 546
Flask 4 Recirc Start 6.11 245
Flask 1 Recirc End 6.04 209
Flask 2 Recirc End 5.42 213
Flask 3 Recirc End 2.66 376
Flask 4 Recirc End 5.74 206
Carboy 0 BV 4.87 576 19.4
Column 1 1.5 BV 5.58 571 4.07
Column 2 1.5 BV 5.24 569 3.76
Column 3 1.5 BV 3.53 579 1.58
Column 4 1.5 BV 5.21 568 8.69
Column 1 3 BV - - 3.55
Column 2 3 BV - - 3.02
Column 3 3 BV - - 1.37
Column 4 3 BV - - 7.36
Column 1 5 BV - - 4.24
Column 2 5 BV - - 3.15
Column 3 5 BV - - 1.50
Column 4 5 BV - - 6.30
Column 1 7 BV 5.16 575 2.76
Column 2 7 BV 5.15 575 2.64
Column 3 7 BV 4.29 574 1.38
Column 4 7 BV 5.28 573 5.42








Location Time 649 nm 665 nm Total Chlorophyll (ug/mL)
Flask 1 Recirc Start 0.367 0.808 12.396
Flask 1 Recirc Start (Dup) 0.291 0.645 9.85164
Flask 2 Recirc Start 0.102 0.234 3.49464
Flask 1 Recirc End 0.055 0.122 1.86248
Flask 2 Recirc End 0.019 0.043 0.64788
Flask 2 Recirc End (Dup) 0.016 0.04 0.56544
Carboy 0 BV 0 0.002 0.01048
Column 1 1 BV 0 0 0
Column 2 1 BV 0 0.001 0.00524
Column 1 6 BV 0.001 0 0.02224
Column 2 6 BV 0 0 0
Carboy 7 BV 0 0.001 0.00524
Filter/BV 1 4 Anova: Two-Factor Without Replication
1.5 77.19888 51.31653
3 80.11204 58.76751SUMMARY Count Sum Average Variance
5 76.2465 64.70588 1.5 2 128.5154 64.2577 334.9481
7 84.53782 69.63585 3 2 138.8796 69.43978 227.7946
5 2 140.9524 70.47619 66.59291
7 2 154.1737 77.08683 111.0342
1 4 318.0952 79.52381 13.87745
4 4 244.4258 61.10644 62.33997
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 166.6812 3 55.56039 2.689662 0.219 9.276628
Columns 678.3988 1 678.3988 32.84108 0.010548 10.12796
Error 61.97106 3 20.65702
Total 907.0511 7
Statistical Significance 






Filter/BV 1 3 Anova: Two-Factor Without Replication
1.5 77.19888 91.14846
3 80.11204 92.32493SUMMARY Count Sum Average Variance
5 76.2465 91.59664 1.5 2 168.3473 84.17367 97.29539
7 84.53782 92.26891 3 2 172.437 86.21849 74.57728
5 2 167.8431 83.92157 117.8134
7 2 176.8067 88.40336 29.8849
1 4 318.0952 79.52381 13.87745
3 4 367.3389 91.83473 0.31882
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 26.13555 3 8.711851 1.588474 0.356525 9.276628
Columns 303.1177 1 303.1177 55.26891 0.005037 10.12796
Error 16.45325 3 5.484416
Total 345.7065 7
Statistical Significance 
between Chlorella+iron and 
iron control
Filter/BV 2 4 Anova: Two-Factor Without Replication
1.5 78.93557 51.31653
3 83.08123 58.76751SUMMARY Count Sum Average Variance
5 82.35294 64.70588 1.5 2 130.2521 65.12605 381.4059
7 85.21008 69.63585 3 2 141.8487 70.92437 295.5786
5 2 147.0588 73.52941 155.7093
7 2 154.8459 77.42297 121.2783
2 4 329.5798 82.39496 6.788336
4 4 244.4258 61.10644 62.33997
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 159.8145 3 53.2715 3.359537 0.173091 9.276628
Columns 906.4018 1 906.4018 57.16171 0.004799 10.12796









Filter/BV 2 3 Anova: Two-Factor Without Replication
1.5 78.93557 91.14846
3 83.08123 92.32493SUMMARY Count Sum Average Variance
5 82.35294 91.59664 1.5 2 170.084 85.04202 74.57728
7 85.21008 92.26891 3 2 175.4062 87.70308 42.72297
5 2 173.9496 86.97479 42.72297
7 2 177.479 88.7395 24.91349
2 4 329.5798 82.39496 6.788336
3 4 367.3389 91.83473 0.31882
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 14.60349 3 4.867829 2.173791 0.270037 9.276628
Columns 178.2187 1 178.2187 79.58584 0.002971 10.12796







Bench Scale Coated Media Study – Algae and Clay Coatings, Clay Challenges: 






Location Time pH Conductivity Turbidity
Flask 1 Recirc Start 8.29 192.2
Flask 2 Recirc Start 7.46 192.5
Flask 3 Recirc Start 6.55 234
Flask 4 Recirc Start 6.31 244
Flask 5 Recirc Start 7.2 2.78
Flask 1 Recirc End 7 144
Flask 2 Recirc End 6.65 151.3
Flask 3 Recirc End 5.57 189.9
Flask 4 Recirc End 6.92 210
Flask 5 Recirc End 5.8 4.41
Carboy 0 BV 7.13 641 17.7
Column 1 1.5 BV 7.12 630 18.5
Column 2 1.5 BV 6.92 641 10.3
Column 3 1.5 BV 7.04 631 13.2
Column 4 1.5 BV 6.92 635 9.64
Column 5 1.5 BV 6.75 625 9.9
Column 1 3 BV - - 11.2
Column 2 3 BV - - 7.74
Column 3 3 BV - - 9.7
Column 4 3 BV - - 9.88
Column 5 3 BV - - 10.9
Column 1 5 BV - - 11.1
Column 2 5 BV - - 7.75
Column 3 5 BV - - 10.10
Column 4 5 BV - - 10.80
Column 5 5 BV - - 11.00
Column 1 7 BV 7.17 643 11.2
Column 2 7 BV 7.01 645 8.26
Column 3 7 BV 7.23 646 10.2
Column 4 7 BV 7.01 639 11.1
Column 5 7 BV 7 643 11.8















Location Time 649 nm 665 nm Total Chlorophyll (ug/mL)
Flask 1 Recirc Start 0.41 0.922 13.94968
Flask 1 Recirc Start (Dup) 0.419 0.951 14.3018
Flask 2 Recirc Start 0.134 0.308 4.59408
Flask 1 Recirc End 0.086 0.2 2.96064
Flask 2 Recirc End 0.055 0.126 1.88344
Flask 2 Recirc End (Dup) 0.057 0.131 1.95412
Carboy 0 BV 0.001 0 0.02224
Column 1 1 BV 0.002 0.008 0.0864
Column 2 1 BV 0.003 0.008 0.10864
Column 1 6 BV 0 0 0
Column 2 6 BV 0.001 0.002 0.03272
Carboy 7 BV 0 0 0
Filter/BV 1 5 Anova: Two-Factor Without Replication
3 34.11765 35.88235
5 34.70588 35.29412SUMMARY Count Sum Average Variance
7 34.11765 30.58824 3 2 70 35 1.557093
5 2 70 35 0.17301
7 2 64.70588 32.35294 6.228374
1 3 102.9412 34.31373 0.11534
5 3 101.7647 33.92157 8.419839
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 9.342561 2 4.67128 1.208955 0.452703 19
Columns 0.230681 1 0.230681 0.059701 0.829749 18.51282
Error 7.727797 2 3.863899
Total 17.30104 5






Filter/BV 2 5 Anova: Two-Factor Without Replication
3 54.47059 35.88235
5 54.41176 35.29412SUMMARY Count Sum Average Variance
7 51.41176 30.58824 3 2 90.35294 45.17647 172.7612
5 2 89.70588 44.85294 182.7422
7 2 82 41 216.8097
2 3 160.2941 53.43137 3.059977
5 3 101.7647 33.92157 8.419839
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 21.59516 2 10.79758 15.82671 0.059429 19
Columns 570.9487 1 570.9487 836.8766 0.001193 18.51282
Error 1.364475 2 0.682238
Total 593.9083 5
Scenedesmus and clay is 
significant from control
Filter/BV 2 4 Anova: Two-Factor Without Replication
3 54.47059 41.88235
5 54.41176 36.47059SUMMARY Count Sum Average Variance
7 51.41176 34.70588 3 2 96.35294 48.17647 79.23183
5 2 90.88235 45.44118 160.9429
7 2 86.11765 43.05882 139.5433
2 3 160.2941 53.43137 3.059977
4 3 113.0588 37.68627 13.98385
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 26.23183 2 13.11592 3.339157 0.230459 19
Columns 371.8622 1 371.8622 94.67171 0.010398 18.51282
Error 7.855825 2 3.927912
Total 405.9498 5
Scenedesmus and clay is 





Filter/BV 2 3 Anova: Two-Factor Without Replication
3 54.47059 42.94118
5 54.41176 40.58824SUMMARY Count Sum Average Variance
7 51.41176 40 3 2 97.41176 48.70588 66.46367
5 2 95 47.5 95.54498
7 2 91.41176 45.70588 65.11419
2 3 160.2941 53.43137 3.059977
3 3 123.5294 41.17647 2.422145
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 9.11534 2 4.55767 4.930131 0.16863 19
Columns 225.2739 1 225.2739 243.6837 0.004079 18.51282
Error 1.848904 2 0.924452
Total 236.2382 5
Scenedesmus and clay is 




Bench Scale Coated Media Study – Ulothrix sp. And Clay Coatings, Clay Challenges: 










Location Time pH Conductivity Turbidity
Flask 1 Recirc Start 6.5 646
Flask 2 Recirc Start 6.34 594
Flask 3 Recirc Start 5.99 522
Flask 4 Recirc Start 5.34 16.61
Flask 1 Recirc End 6.43 557
Flask 2 Recirc End 6.3 510
Flask 3 Recirc End 5.9 454
Flask 4 Recirc End 6.42 2.32
Carboy 0 BV 6.57 661 17.5
Column 1 1.5 BV 6.74 667 7.08
Column 2 1.5 BV 6.58 670 6.12
Column 3 1.5 BV 6.63 667 8.13
Column 4 1.5 BV 6.49 650 8.61
Column 1 3 BV - - 5.59
Column 2 3 BV - - 5.63
Column 3 3 BV - - 7.85
Column 4 3 BV - - 9.61
Column 1 5 BV - - 5.64
Column 2 5 BV - - 5.53
Column 3 5 BV - - 7.76
Column 4 5 BV - - 10.30
Column 1 7 BV 6.83 678 5.59
Column 2 7 BV 6.74 675 5.43
Column 3 7 BV 6.89 672 8.09
Column 4 7 BV 6.82 671 10.6

















Location Time 649 nm 665 nm Total Chlorophyll (ug/mL) Deposited Removal Efficiency
Flask 1 Recirc Start 0.274 0.451 8.457
Flask 2 Recirc Start 0.136 0.227 4.21412
Flask 1 Recirc End 0.236 0.378 7.22936 1.22764 14.51625872
Flask 2 Recirc End 0.11 0.18 3.3896 0.82452 19.56565072
Carboy 0 BV 0 0.001 0.00524
Column 1 1 BV 0.013 0.022 0.4044
Column 2 1 BV 0.003 0.006 0.09816
Column 1 6 BV 0 0 0
Column 2 6 BV 0 0 0
Carboy 7 BV 0 0.002 0.01048
Location Time 649 nm 665 nm Total Chlorophyll (ug/mL) Deposited Removal Efficiency
Flask 1 Recirc Start 0.388 0.789 12.76348
Flask 2 Recirc Start 0.754 1.58 25.04816
Flask 1 Recirc End 0.101 0.201 3.29948 9.464 74.14905653
Flask 2 Recirc End 0.113 0.227 3.7026 21.34556 85.2180759
Carboy 0 BV 0 0.001 0.00524
Column 1 1 BV 0.002 0.004 0.06544
Column 2 1 BV 0.001 0.002 0.03272
Column 1 6 BV 0 0.002 0.01048
Column 2 6 BV 0 0.001 0.00524
Carboy 7 BV 0 0.001 0.00524
Water Based - Shredded Portion






Filter/BV 1 4 Anova: Two-Factor Without Replication
1.5 61.0989 52.69231
3 69.28571 47.1978SUMMARY Count Sum Average Variance
5 69.01099 43.40659 1.5 2 113.7912 56.8956 35.33541
7 69.28571 41.75824 3 2 116.4835 58.24176 243.9379
5 2 112.4176 56.20879 327.7925
7 2 111.044 55.52198 378.8809
1 4 268.6813 67.17033 16.39999
4 4 185.0549 46.26374 23.55392
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 8.086282 3 2.695427 0.072344 0.970862 9.276628
Columns 874.1713 1 874.1713 23.46234 0.016788 10.12796
Error 111.7754 3 37.25848
Total 994.033 7
Ulothrix and clay is significant 
from control
Filter/BV 1 3 Anova: Two-Factor Without Replication
1.5 61.0989 55.32967
3 69.28571 56.86813SUMMARY Count Sum Average Variance
5 69.01099 57.36264 1.5 2 116.4286 58.21429 16.64201
7 69.28571 55.54945 3 2 126.1538 63.07692 77.09818
5 2 126.3736 63.18681 67.84205
7 2 124.8352 62.41758 94.34247
1 4 268.6813 67.17033 16.39999
3 4 225.1099 56.27747 0.984935
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 33.53875 3 11.17958 1.801605 0.320365 9.276628
Columns 237.3087 1 237.3087 38.24263 0.008515 10.12796
Error 18.61603 3 6.205345
Total 289.4635 7







Filter/BV 1 2 Anova: Two-Factor Without Replication
1.5 61.0989 66.37363
3 69.28571 69.06593SUMMARY Count Sum Average Variance
5 69.01099 69.61538 1.5 2 127.4725 63.73626 13.91136
7 69.28571 70.16484 3 2 138.3516 69.17582 0.024152
5 2 138.6264 69.31319 0.182647
7 2 139.4505 69.72527 0.386427
1 4 268.6813 67.17033 16.39999
2 4 275.2198 68.80495 2.828513
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 48.52486 3 16.17495 5.297096 0.10216 9.276628
Columns 5.343935 1 5.343935 1.750072 0.277666 10.12796
Error 9.160654 3 3.053551
Total 63.02945 7
Ulothrix and clay is not 




Bench Scale Coated Media Study – Algae and Magnesium Hydroxide Coatings, Clay 
Challenges: 









Location Time pH Conductivity Turbidity
Flask 1 Recirc Start 10.88 1451
Flask 2 Recirc Start 10.9 1478
Flask 3 Recirc Start 10.86 1492
Flask 4 Recirc Start 8.42 2.92
Flask 1 Recirc End 10.61 1251
Flask 2 Recirc End 10.72 1341
Flask 3 Recirc End 10.56 1311
Flask 4 Recirc End 7.77 2.52
Carboy 0 BV 9.19 687 21.4
Column 1 1.5 BV 9.87 754 4.06
Column 2 1.5 BV 10.48 766 3.71
Column 3 1.5 BV 10.56 773 3.64
Column 4 1.5 BV 8.6 646 17.5
Column 1 3 BV - - 4.4
Column 2 3 BV - - 4.51
Column 3 3 BV - - 4.22
Column 4 3 BV - - 19.5
Column 1 5 BV - - 6.47
Column 2 5 BV - - 5.77
Column 3 5 BV - - 5.16
Column 4 5 BV - - 19.70
Column 1 7 BV 10.38 751 6.24
Column 2 7 BV 10.44 758 5.67
Column 3 7 BV 10.5 767 4.84
Column 4 7 BV 8.84 673 19.1








Location Time 649 nm 665 nm Total Chlorophyll (ug/mL)
Flask 1 Recirc Start 0.018 0.032 0.568
Flask 2 Recirc Start 0.018 0.037 0.5942
Flask 1 Recirc End 0.004 0.014 0.16232
Flask 2 Recirc End 0.003 0.015 0.14532
Carboy 0 BV 0 0.001 0.00524
Column 1 1 BV 0 0.001 0.00524
Column 2 1 BV 0 0.001 0.00524
Column 1 6 BV 0 0.001 0.00524
Column 2 6 BV 0.002 0.001 0.04972
Carboy 7 BV 0 0 0
Filter/Run 1 4 Anova: Two-Factor Without Replication
1.5 82.1 22.73731
3 80.6 13.90728SUMMARY Count Sum Average Variance
5 71.4 13.02428 1.5 2 104.8124 52.40618 1760.484
7 72.5 15.67329 3 2 94.48124 47.24062 2222.222
5 2 84.45916 42.22958 1705.899
7 2 88.12362 44.06181 1611.816
1 4 306.5342 76.63355 29.88742
4 4 65.34216 16.33554 19.42735
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 119.2236 3 39.74119 4.151135 0.136435 9.276628
Columns 7271.701 1 7271.701 759.5598 0.000105 10.12796
Error 28.72072 3 9.573573
Total 7419.645 7







Filter/Run 1 3 Anova: Two-Factor Without Replication
1.5 82.1 83.92936
3 80.6 81.36865SUMMARY Count Sum Average Variance
5 71.4 77.21854 1.5 2 166.0044 83.00221 1.719223
7 72.5 78.63135 3 2 161.9426 80.9713 0.315776
5 2 148.6534 74.32671 16.72539
7 2 151.0817 75.54084 19.10248
1 4 306.5342 76.63355 29.88742
3 4 321.1479 80.28698 8.864459
ANOVA
Source of VariationSS df MS F P-value F crit
Rows 105.0877 3 35.02925 9.409818 0.049063 9.276628
Columns 26.69498 1 26.69498 7.171005 0.075185 10.12796
Error 11.16788 3 3.722628
Total 142.9506 7
Scenedesmus and mgoh2 is 
not significant from mgoh2
187 
 










Initial 0 5.62 4.62 0.66 0.59
A 1 - - - -
B 2 - - - -
C 3 31 29.8 1.38 1.33
D 4 30.8 32.1 1.26 1.33
E 6 6.01 5.96 0.53 0.51
F 27 - - - -
Feed Effluent
Filter 1 Turbidity (NTU)
Sample Bed Volume
Initial 0 4.12 4.66 2.13 2.23
A 1 - - - -
B 2 - - - -
C 3 28.5 27.3 2.48 2.23
D 4 27.6 29.7 2.33 2.28
E 6 6.07 6.05 0.83 0.89




Time E1 E2 Anova: Single Factor
0 0.625 2.18
3 1.355 2.355 SUMMARY
4 1.295 2.305 Groups Count Sum Average Variance
6 0.52 0.86 out 4 3.795 0.94875 0.19119
out 4 7.7 1.925 0.509517
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1.906128 1 1.906128 5.440591 0.05844 5.987378
Within Groups 2.102119 6 0.350353
Total 4.008247 7
No significant difference 
between algae enhanced 
filter and control
